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1.1 Motivation for the Present Study
The very recent availability of high quality bulk single crystal ZnO has the potential
to make a significant impact on the development of short wavelength (blue/ V) LEDs
and lasers. One of the major limitations to producing the needed epitaxial-ready sul:r
strates however, is subsurface damage introduced by final finishing. Development of
fundamental understanding of the surface m chanical properti of this uniqu mat
rial may enable progress toward the creation of final finishin techniques c pabl f
minimizing the subsurface damage. However, a basic und rstanding of th m chan-
ical response of ZnO to loading does not exist, and littl has b en reported on its
near urface mechanical properties. In the present work, th near surface mechanical
response of ingle cry tal ZnO has b en investigated by nanoind ntation.
1.2 Objectives
The objectives of this work are: 1) characterization of the surface mechanical prop-
erties of hardness and elastic modulus for the four principal planes of ZnO, i.e.,
(0001), (0001), (1010) and (1120), 2) evaluation of th possible differ nces between
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the Zn-terminated and O-terminated polar faces 3) examination of the occurrenc of
'pop-in" and the onset of plasticity for the principal plan studied.
1.3 Approach
At first, the differences in the surface mechanical properties between the polar fac
were investigated. The study of the mechanical properties was then extended to the
prismatic planes i.e.) (1010) and (1120) planes. To determine the critical r olv d
shear stress, the critical conditions for the occurrence of pop-in on all four principal
planes indented was measured. Along with the estimates made for the critical r olved






ZnO is the material investigated in this study. It is a II-VI wide band gap emicon-
ductor (Eg=3.3 eV at room temperature [1]), with a hexagonal wurtzite structure
shown in Fig. 2-1. Polycrystalline ZnO has been used for a variety of applications,
i.e., ceramics, piezoelectric transducers, chemical sensors, varistors, phosphors, trans-
parent conducting films, thyristors, catalysis, optical coatings and photovoltaics [2].
It has also found application in flat pan I displays, s lar cells, surfac ac usti wav
(SAW) devices and oxygen gas sensors [3]. Rec nt success in producing high qualit.y
single crystal ZnO has opened the po sibility to produc blu and UV light mitt rs
and high temperature, high-power transistors [4].
Whereas CaN-based devices capable of producing blue and UV light are already in
use, ZnO may serve as an excellent alternative due to its many advantages over CaN.
For example, ZnO has an higher exciton binding energy (60 meV) wh n compared
to GaN (28 meV) , and a higher optical gain (300 em-I) compared to CaN (100
cm- I) [5]. A result of the large binding ellergy is that excitons are stable at high
temperature (at or above room temperature) which is important for nonlinear optical




Figure 2-1: ZnO wurtzite structure
been obtained [7] [8]. This result showed that the laser emission thr hold intensity
for ZnO compares favorably with CaN [7]. Th lasing threshold at room temp rature
for ZnO ranges from 40-240 kW/cm2 whereas for CaN it i great r than 400 kW/cm2
[9]. As a results of its hardness (ZnO is one of the hardest mat rials in the II-VI
compound family) degradation of the material due to the generation of dislocations
during device operation is thought to be minimal [10]. With its large bond strength,
ZnO also ensures a large damage threshold for laser irradiation [11].
As mentioned ZnO has the potential to make a significant impact on the devel-
opment of short wavelength (blue/UV) LEDs and lasers, but at present one of the
major limitations to its success is the inability to produce epitaxy-ready substrates
due to introduction of subsurface damage by final finishing.
4
2.1.1 Characteristics
The principal characteristics of ZnO are tabulated in Tables 2.1 2.2, 2.3 and 2.4.In
Table 2.3 the value of S44 reported by Bateman [19] is apparently in error and hould
be 2.357 Mbar-1.It has been reported by Jaffe [21] that ZnO undergo a phas
transformation from wurtzite to rocksalt structure at a pressure between 9-9.5 GPa
as experimentally determined and 8.57 GPa as calculated.
2.1.2 Differences in the polar faces
The crystallographic polarity of the noncentrosymrnetric material ZnO has been de-
termined by several techniques including the rapid x-ray absorption edge method
[22], low energy electron diffraction (LEED) [23], photoelectron diffraction (XPD)
[24], and coaxial impact-collision ion scattering spectroscopy [25]. The differenc m
polar face behavior of ZnO as measured with the above techniqu was pr dicted by
the early surface bonding model presented by Gatos [26] I a model inspired by the
differences in etching of the polar faces of InSb and GaAs both possessing zinc-bl nde
structure. The polarity results have been correlated to the different etching behavior
topography, abrasion resi tance, photolumine cence re ponse, act.ivation energy, and
electrical onductivity of the two face (Tabl 2.5).
During the etching of ZnO it has b en observ d that th 0 facc tches more rapidly
in oxidizing etchants than the Zn face [22]. Th sam has b en observ d for H I and
H 0 3 etchant , wh re it was found that the 0 face t h on order f magnitlld
faster than the Zn face [27]. This i in agreement with an earlicr study on the wurtzit
structure [28]. Different behavior during th etching proce s has also b Cll detect d
in Ga another wurtzite, polar material [29] ver,\' similar to ZnO. The t.opography of
the two faces as measured by atomic force micro copy (AFM) has been analyzed at
different conditiollS, i.e.: unclean d as-received polished. after a solvent cleaning step
and after progre sive 02-atmosph r annealing ranging [Tom 500 to 900°C [30]. These
lmag hawed clearly a difference between the Zn and the 0 face. In particular the Zn
5
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Physical Properties Symbols Value - Units Reference..!
Molecular Weight 81.38 [12]
Density 5.665 g/cm"J [12J
Symmetry hexagonal, wurtzite [13]
Lattice Parameters ao 3.24265 ± 0.0001 A [12J
Co 5.1948 ± 0.0003 A [12
Zn-O 1.98 A 12
Zn-Zn 3.25 A [12]
(Experimental) cia 1.602 14
(Experimental) volume 23.796 A;j If.u. 14
(Calculated) cia 1.59 2
(Calculated) volume 23.62 A"J If.u. 2
Hardness H 2 GPa [15J
Energy Gap at 1.2 K E,g 3.3435 eV [16]
Energy Gap Bg 3.3 eV [1]at room temperature
Exciton Binding Energy 60 meV [5]
Optical Gain 300 cm-1 [5]
Lasing Threshold
40-240 kW/crn2 [9]at room temperature
Dark Conductivity 10-5 n-1m-1 [17]
(undeformed)
Melting Point 1975±25 DC [12]
Dark conductivity 10-7 n-1m-1 [17]
(after 5% strain)
Photo-conductivity 10-5 n-1m-1 [17]
(after 5% strain)
Mobile dislocation type (3 [17]
lvlean charge
-0.54 [17]
in the dark (qble)
Table 2.1: ZnO Characteri tics
Physical Properties Symbols Units Voigt· Reuss" Reference
Elastic i'vlodulus E GPa 124.2 123.0 [18]
Shear Modulus G GPa 45.8 45.3 [18J
Poisson's Ratio v 0.356 0.357 [18]
Table 2.2: ZnO Elastic Properties. (*) averaged according to Voigt' method. (**)
averaged according to Reusst's method.
(j
Compliance moduli Bateman [19] Simmons [18] Kobiakov [20J
Sll 0.7858 0.7855 0.791
S12 -0.3432 -0.3431 -0.33
S13 -0.2206 -0.2205 -0.235
S33 0.6940 0.6939 0.72
S44 0.2357 2.3546 2.23
Table 2.3: Compliance Moduli in 1/Mbar=1/100GP
Elastic moduli Bateman [19] Simmons [18] Kobiakov [20]
Cll 2.097 2.0970 2.07
C12 1.211 1.2110 1.177
C13 1.051 1.0510 1.061
C33 2.109 2.1090 2.095
C44 0.4247 0.4247 0.448
Bulk Modulus 1.436 1.436 1.426
Table 2.4: Elastic Moduli in Mbar=lQOGPa
face was found to be much smoother than the 0 face for all conditions except for th
surfaces annealed process at 500 ec for which bumps on the Zn face were ob erved.
During the annealing process, except for the ample annealed at 500 ec, the Zn
face decreased its roughness whereas the roughness of the 0 face remained about
constant and always rougher than the Zn urface. Anoth r physical prop rty, th
abrasion resistance, was found to be different on the two faces, wh re it was observed
that the 0 face abraded more rapidly then tlJ Zn f c [22]. Phot lumin s nc
(PL) measurements revealed noticeable differences in th two fac [31]. In a study
conducted by Lucca et al. [32] PL of th two polar faces for et h d surfa es and
for surfaces polished under different conditions was reported. In this st.udy it was
found that for the etched, the mechanical and chemomechanical polish d surfac the
o face had a relative PL intensity higher than th Zn face. The PL intensity was
seen to decrease from the chemomechanical poli hed and tch d urfac , which were
comparable, to the 1/4 p,rn and finally the 1 p,m mechanical polish d surfac~. Th
two polar faces have also been shown to have a cliff renee in th ir activation energies
[33], where the Zn face had an higher activation energy (85 kcal/molc) than the 0
7
Physical Properties Units Zn. Face o Face References
Etching Rate lower higher Mariano [22]
Etching Rate (HCl) /-Lrn/min 0.75 30 Matsuoka [27]
Etching Rate (HNOa) /-LID/min .1 9.1 Matsuoka [27]
Roughness lower higher Suscavage [30]
Abrasion Resistance higher lower Mariano [22]
Relative PL Intensity lower higher Lucca [32]
Activation Energy kcal/mole 85 71 Kohl [33]
Electrical Conductivity· A/V 10 4 4xlO-1:l Heiland [34]
Table 2.5: Differences between the Zn and 0 faces of ZnO. * valu after transient
heating in vacuum.
face (71 kcal/mole). Finally, Heiland [34] studied the electrical conductivity of the
two polar faces of ZnO prepared by cleavage in ultrahigh vacuum (UHV) between 90
- 600 K. Both clean surfaces exhibited an upper limit of 4x 10-12 A/V but during
transient heating in vacuum the Zn face showed a much higher urface conductivity
of 10-4 A/V whereas the 0 face did not change from its valu for a clean urface. In
this study the surfaces were subjected to absorption of atomic hydrogen and oxygen.
From these experiments it was noted that the atomic hydrogen act much faster on
the 0 face than on the Zn face, and that the depletion layer caused by the adsorption
of oxygen i more evident on the Zn face.
2.1.3 Dislocations in the Wurtzite Lattice
Perfect [35] and parti-al [36] di locations in th wurtzite lattie· hav b en studi d by
Osip'yan in the late 1960s. The flv most lik ly activated slip ystems for a wurtzit·
structure have been determined by etching bent cry tals of d [37]. The flv slip
systems are observed at ambient temperature to be the (0001)[1120], (0001)[1010],
(1010)[1210], (1210)[1010] and (1010)[0001]. Other slip systems were also activated
at higher temperature (700-740°C).
-
2.1.4 Photoplastic Effect in ZnO and Other Materials
Using the compression test Petrenko and \Vhitworth [17] and Carls on [3] tudied
the flow of charge, which the found to be related to basal plane dislocations in ZnO.
Both in darkness and under illumination, light was seen to change the carrier con-
centration, as was reported by Gorid'ko et 0.1. [39]. In the tudy of Petr nko t al.
[17] an increase in dislocation charge and flow stress (shear stress) along th basal
plane with illumination was observed. In the study conducted by Carlsson [3 ] th
first slip system activated (with glide dislocations) was identified as a basal plane:
{OOOl}<2IIO>, and the second slip system activated at 75°C was identified as a
prismatic plane: {lIOO}<2IIO>. The illumination had an effect on the basal plane
dislocations but not those on the prismatic plane. In fact it was observed that light
was able to stop dislocations on the basal plane, increasing the shear stress needed
to move them, but not so on the prismatic plane. In the same work Carlsson inves-
tigated the influence of temperature on the shear stre in which he reported that
the critical shear stress along the basal plane did not change with temperature but
the critical shear stress along the prismatic plane decreases with the increase of tem-
perature. Thi explained why by increasing t mperatur it was possible to have slip
on the prismatic plane before the basal plan. To und rstand th influ nc flight
an explanation of why the flow of charge is link d to basal dislocations is needed.
The dislocations which lie in a plane can be seen a'S a succession of broken bonds,
and as Shockley [40] r ported, these dangling bonds can trap lectrons, S11 'h that a
n-type emiconductor can trap electrons and gain a negative charg . In a compound
emiconductor such as ZnO, this trapping of electrons can occur for the basal plane
since a the dislocation has it extra half plane nding with like atoms. However for
the prismatic plane this is not the case [35] in that a dislocation has its extra half
plane ending with alternating kind of atoms which results in the broken bonds being
eliminated through an interlock [38]. This can explain the absence of all influence of
light on prismatic plane lip.
9
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The photoplastic effect in the plastic deformation of CdS dlll"ing compr Ion
has also been detected [41]. In addition, the effect of X radiation on th pi ti
deformation of II-VI compounds including CdTe CdS ZnS and ZnSe has also been
investigated [42]. In addition to compression testing, the hardnes te t has also b n
used to study the photoplastic effect in Ge [39][43].
2.2 Nanoindentation
This work is focused on the investigation of the "slll"face' mechanical properties which
may be significantly different from the bulk mechanical prop rties. To chara terize
the near surface mechanical properties significant efforts, in the d velopment of new
methods have been made in the last fifteen years. Whereas at first the microindenta-
tion method was used improvements have lead to the development of nanoindentation
for the characterization of the near surface.
Conventional microindentation has long been employed to measlll"e surface me-
chanical properties, however there are significant limitations with thi technique when
attempting to characterize thin films or surface regions less than several micrometer .
Driven by an increasing need to characterize surface regions in til na..nomet r rang
[44], e.g., ultraprecision components, thin films on the order of 100 nm thick or Iss,
etc., ignificant fforts in the development of indentation instruments that measure
load versus depth have been made. Nanoindentation instruments not only provide
information on urface hardne ,but also offer the ahili t.\' to ohtain information on
the elastic and time-dependent material properties of the urface. Their sensitivity
is very high and allows for total penetration depths a<; small as 5 nm at loads of
no more than 50 J..L . anoindentation lin: also recclltly hecn used t.o dct.ermin the
re olved shear str s under the indenter. th near surface residual stress state, thc
viscoelastic-plastic propertie of glasses and polymers. and the fracture toughness





The measurement of hardness can be divided into thr main categ ri : 1) scrat h
hardness; 2) rebmllld or dynamic hardness: and 3) tatic indentation hardn [4].
Scratch hardness is the oldest form of hardness measurement. It dep nd on th
ability of one material to scratch another. Friedrich Mobs first put the method on
a semi-quantative basis in 1822 by establishing a cale of 10 minerals tandard
from talc as the softest to diamond as the hardest [46].
Rebound or dynamic hardnes involves the dynamic deformation or indentation
of the surface. For this measurement, a diamond-tipped hammer (known as a "tup )
is dropped from a fixed height onto the test urface and the hardness is expr sed in
terms of the energy of impact and the size of the remaining indentation.
(Quasi)static indentation methods are the most widely us d in determining th
hardness of materials. Indentation hardne is e entially a me ure of the plastic
deformation propertie and, to a secondary extent. the eIa tic propertie of a material.
This method i performed by pressing an indenter into th mat rial and valuatin
the hardnes as the ratio of the load applied to the ind nt.er to the area of th imprint
left by the indenter. Th material and hape of the ind nter as well as the ar a
considered in evaluating the hardnes has underg ne a progressive evolut.ion by th
use of various indentation technique. The most important inclentati n t chniqu III
chronological order (from the oldest to the most r cent) arc: Brinell, ),,1 'y 1", Vick rs,
Rockwell, Knoop (microindentation) and Bcrko\'ich (llanoindentation),
In the early twentieth century. Briuell introduc -d indentation with a steel ball.
From this test a single number the hardllcss. \vas obtained as th ratio of th ~ load
applied to the indenter to the surface area of the residual impression measured by
optical devices. After the first indentation teclllliqllc wa.c; introduced hy Briudl a
variety of improvements were introduced to arri\"(~ to the Berkovich hardness testing
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technique. The material of the indenter went from t I 0 diamond which due to
its greater stiffness was able to chara-eterize a much broader r ng of mat ials. Th
shape of the indenter went from spherical to a three-sid d pyramid which i <easi r 0
obtain (note that a spherical shape in diamond is very difficult to ob ain)and due to
its well-defined geometry, able to leave a well-defined imprint. The area used to obtain
the hardness evolved as well going from the surface area measured by optical devi
to the projected area of the residual impression obtained by the load-displacement
curve.
2.2.2 Analysis of Indentation Data
Evaluation of Hardness and Elastic Modulus from the Indentation Test
In the last two decades significant efforts have been made to develop a method of test-.
ing the surface mechanical properties of materials on the submicron scale. A a r ult~
this has been made possible by the development of instruments that continuously mea-
sure force and displacement [45][47][48]. The mechanical properties can b obtained
from the loading [49] or unloading [48][50][51] portion of the force-displacement curve
irrespective of the small size of the indentation imprint. In th pr sent work, th
Oliver and Pharr model [50] was used for th reduction of th force-displac m nt
data. The steps employed are described blow.
The elastic modulus (E) is the most commonly measured m chanical prop rty
along with the hardness (H). To do 0, th unloading data are analyzed according
to a model relating the contact ar a at the peak load to the elastic modulus by
considering the deformation of an elastic half space by an elastic punch. Then the
needed contact area is estimated from the indenter shap function. On e the contact.
area is known, it is possible to obtain a eparate mea'3urement for E and H.
The elastic contact problem, offundamental importance in the analysis procedure,
was originally considered in the late 19th century by Boussinesq [52] and Hertz [53].
Boussinesq developed a method based on potential theory for computing the stresses
12
and displacements in an elastic body loaded by a rigid axisymmetric ind nt r. Hi
method was used to derive the solutions of several indenter geometri uch cylin-
drical and conical indenters [54]. Hertz analyzed the problem of the el tic contact
between two spherical surfaces with different radii and elastic constant . The work of
Hertz was used as a model to remove the assumption of a rigid indenter. Anoth r ma-
jor contribution was made by Sneddon who derived general relationships b tween th
load, displacement, and contact area for any punch that can be described as a solid
of revolution of a smooth function [55]. His results show that the load-displacem nt
relationship for a simple punch geometry can be written as:
(2.1)
where P is the load applied to the indenter, h is the elastic displacement of the
indenter, and ex and m are constants where m depends on the geometry of the indenter.
To consider the plastic effect on the above elastic problem involves dealing with
nonlinear constitutive equations and a number of material parameters describing the
material behavior. An early experiment of Tabor [56][57] concerning the shape of
the indentation imprint after the lastic r cov ry f th mat rial sheds c llsiderabl
light on the effects of plasticity in indentation. Tabor s xp rim -nts show d that,
at least in metals. the imprint left by a sph rical indent r is still spherical with a
slightly larger radius than the indenter, and th imprint 1 ft by a conical ind nt r is
still conical with a larger included tip angle. The significance of th se xperiments is
that since the elastic contact solution exist for everal geometries, the ways in which
plasticity affect the indentation of elastic unloading data can b dealt with by taking
into consideration the shape of th perturbed urface in the elastic analysis. Tabor
used this result to relate the elastic modulus to the size of t,he impression left after
indentation. This intuition was further re olved in the early 1970's, by th work of
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Bulychev, Alekhin. and Shorshorov into the following equation
(2.2)
where S = dP/ dh is the experimentally measured stiffness obtained from the un-
loading data, E r (or E*) is the reduced modulus and A i the projected ar a of the
elastic contact. The reduced modulus is another result of Tabor's experiment I and
was defined to account for the non-rigidity of the indenter. It is defined as
1
(2.3)
where E and v are the elastic modulus and Poi son's ratio for the specimen and E i
and Vi are the same parameters for the indenter. The early equation Eqn. (2.2)
which relates the elastic modulus to the measured stiffness and to th projected area
was developed for a cone indenter. It has been shown, however, to apply to not only
indenters generated by a solid of revolution but for pyramidal indenter as well [58].
To obtain Er from Eqn. (2.2), A must also be determined. The proj cted area
can be measured optically, but for small dim nsions this is a time can WniIlg and
difficult task. To avoid measurement of the imprint. liver t a1. [59] sugg st d a
simpl method to evaluate the projected ar Cl based on the load-displClcem nt dat.a
and a knowledge of the indent r area function (or shape function). i.. \ th - cr s-
sectional area of the indenter as a function of the distance from its tip. This method
is based on the assumption that at the peak load the material deforms conformally
to the shape of the indenter. as can be . e n in Fig. 2-2 where the 1.> havior of the
indenter-surface during indentation i shown. From Fig. 2-2 three depths can be
distinguished: h max the maximum d pth which the iIldcntcr reaches at. maximum
load evaluated from the undeformed surface: hJ the fiwd <1ejJth left once the load
i completely released: and he the contact depth evaluated at the peak load and the




AT SURFACE UNDER LOAD AFTER UNLOADING
Figure 2-2: Schematic representation of the indenting process showing he, hmax and
hf
of the surface resulting from the elastic response). The maximum and final depths can
be easily determined from a typical load-displacement curve obtained by indentation
as shown in Fig. 2-3, and then the maximum depth can be used to det rmin th
projected area [59]. An improvement of this method was made by considering the
contact depth to evaluate the projected area (from now on referred to as the contact.
area) which is inbetween the maximum and final depth (Fig. 2-3). An empirical
method was proposed to evaluate the contact depth by Do mer and Nix [4 1 bas d
on extrapolating the initial linear portion of the unloading CillV to z ro load. Thi
empirical method was succe ively modified [50] by consid ring th initial stag of
unloading to be not linear but to follow a power law of 'neddon typ I Eqn. (2.1).
This results in a translation of the contact depth towards the maximum depth and
the magnitude is a function of £, the geometry of the ind nter (for exampl- E = 1
for a flat punch and 0.72 for a conical indenter). Once the contact d pth is known
the contact area could be determined by the indenter area fun tion. Then, th elastic
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Figure 2-3: Typical load-displacement curve showing: Pmax the maximum load; hmax
the maximum depth; hI the final depth; he the contact depth which is a fun tion of
the indenter geometric can tant E: and t h m ur d tiffn




The uncertainties resulting from the u e of the method des ribed abov have been
reported [60].
2.2.3 Instrument
Different types of nanoindentation instruments have be n described in d tail by
Bhushan [45]. In particular, an instrument capabl of measuring depth and load
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simultaneously similar to the one used in this work, and explain d in d ail in h p-
ter 3 was described by Doerner [48] and Woirgard [61].
To calibrate the indentation instrument s veral echniqu hav b n d Vi lop d.
The most widely used is the one described in Appendix A de eloped by Oli r and
Pharr [50]. Among the other techniques are those develop d by Loubet [47], Doerner
[48] and Sun [62].
2.2.4 Mechanical Properties Characterized by Nanoindenta-
tion
Elastic Modulus and Hardness
As previous discussed for the measurement of elastic modulus and hardnes , continu-
ous load versus indenter displacement-measuring instrument, combined with meth-
ods to determine the contact area between the indenter and the sample surface are
employed.
The differences in values for elastic modulus and hardnes obtained using the
projected contact areas calculated from the Oliver and Pharr method [50] and th
from direct measurement of the contact ar a with an tomic for microscop, hav
been reported [63][64][65].
There have been a variety of studie reported on th m asur m nt of th lasti .
modulus and hardnes of ingle cry tal mat rials. F r xample, Au [66][67] Si [6],
Fe-3%Si [69][70][71], ZnS sphalerit [72]. GaP [73] and Ga [15][74] singl Tystal
surfaces have been studied. In addition the characterization of GaN has be n rep rted
for both bulk material [75], and thin films [76] [77]. GaN is a ompound semi 'ondu tor
very similar to ZnO considered in thi work. having the same wurtzit. . structur and
similar "optoelectronic" characteristics. Whereas it should be not that ZnO has
never been studied by nanoindentation, result· of conventional hardn s (Vickers) for
bulk ZnO have been reported to be 2 GPa [15][7 ].
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Nanoindentation has been successfull used to characteriz the mechanical prop-
erties of the material surface as a function of surface roughn of different polishing
methods used to finish the surfaces of different polar faces, and of material ani otropy.
The influence of surface roughness on the measurement of hardnes has been reported
by Bobji [79], where the contact area was evaluated by AFM.
Recently the difference in surface mechanical properties resulting from electrol 1-
cally and mechanically polished (001) tungsten have been characterized using nanoin-
dentation [80]. From this study it was found that for the mechanically pob hed urface
plastic deformation occurred from the onset of loading contrary to the electrolytically
polished surface in which the deformation was found to be purely elastic until the
force reached a critical value. Beyond this critical force, a sudden increase in depth
was observed. A similar finding has been reported for Fe-3wt%Si [70].
Indentation has also been used to measure the differences in hardn s of th two
polar faces of several materials over a broad range of temperatures [73][81][82][ 3]. In
a study of indium antimonide (InSb) where a Vickers indenter was used on the {Ill}
faces it was found that the In face wa harder than the Sb face at all temperatures.
However the hardnes difference was mall at high temperatures, and within th
experimental error at low temperatur . Th dift r nc in hardne s vari d betw en
7% and 17% in the temperature range tudied (20-400°C). It is b Ii v d that this
behavior is related to the different mobilities of the In(g) all I b(g) dislocations [81].
Here, the "g" represents glide dislocation· so as to distinguish them from "s shuffle
dislocations. In Fig. 2-4 shuffle and glide di locations for ZnO ar shown. In a
study of GaP a difference in microhardne between the P {Ill} surface and the Ga
{Ill} surface was observed where the Get urfac wa.s foulld to be harder [73]. As in
InSb, this difference was attributed to differ nt dislocat.ion mobility. Mor ov r it has
been stated that the observed difference ill Chclllical polishing behavior of two faces
of a polar material may be a result of the ob. ernxl urfac _microhardllcss cliff '[Cutes
[73]. The nature of the differences ill hardne s of the two polar fae s of GaAs has
I
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Figure 2-4: Simplified diagram of ZnO structure showing the "glide" and " huffle"
planes and the possible types of dislocations.
been explained in detail in terms of slip geometry, sense and type of slip expected.
dislocation interactions and the known differences in velocities of As(g) and Ga(g)
dislocations [82]. Hardness polarity has been shown in 4H-SiC single cry tals as
well [83]. Significant differences between the silicon-terminated (0001) and c rb n-
terminated (0001) faces of thi polar crystal were found. Experimentally it is kn wn
that di locations in semiconductors are dissociat.ed [ 4] [ 5] an I t.hat. th velocity of th
two partial in compound semiconductor can be very different [ 6]. Presumably this
has to do with the different core structur of the two partials. In a work of Ning et l.
[83] it has been stated that in a compound semiconductor, XY - where X is a group
II, group III, or group IV atom, and Y is a group VI: group V, or group IV atom - th
X and Y atom occupy th lattic site of two dif£'erent. int rpenetrating fcc or hcp
(with an ideal cia ratio) sublattice which arc tnul lated by a vector (a/4,a/4,a/4)
or (a/3,2a/3 c/8) with re pect to each other. In thi. way, these materials have a
zincblende or a wurtzite structure, respectively. A a rc ult.. all the atoms at the
core of one of the partial are X, while the core of the other partial consists of all
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Y atoms. Consequently it is expected that the leading partial i al
partial and the trailing partial is the slower one. Following this mod I ZnO, a II-VI
compound with a wurtzite structure, will result in the generation of Zn(g) leading
partial dislocations. The effect of anisotropy on indentation has also b n pres nt d
in a study on Au by Kiely et al. [87], and on KCI, aCI, LiF and MgO [ ][ 9].
Nanoindentation has also been successfully used to characterize the lastic modu-
lus and hardness of monolayer films as a function of film thicknes , growth condition
chemical composition and residual stress state, and of multilayer films as a function
of the modulated period. The mechanical properties of sol-gel zirconia depo ited on
polished disks of 316 stainless steel were measured as a function of film thicknes
from 0 TIm (as polished) to 900 nm, for different values of load [90]. Similar work has
been done on sol-gel-deposited titania (Ti02) on glas and copper with thickn s
from 50 nm to over 200 nm [91], on aluminum depo ited on glass with thicknesses
between 240-1700 nm [65], and on sol-gel-derived hard coatings on polyest r [92].
In tltis last study, the influence of UV irradiation and low temperature heating on
the thickness and the hardness of the film was reported. The hardne s of the films
was eval uated not only as a function of film thicknes but also as a function of the
depo ition temperature of the film, since deposition temperatur w' hown to b
related to the thicknes of the Ti and TiCN coatings [93]. A corr lation b tw n
the re ulting hardnes of ilicon oxinitride (SiOxNy ) films and processing temp rature
has also been reported [94]. The effects on measured clast.ic modulus an 1 hardness
of the sub trate bias voltage and nitrogen partial pressure ill t.he d positioll of ti-
tanium nitride (Ti x) thin films [95], and vacuum anllealiug time in the deposition
of Mo-Si- jSiC [96] have also be n tudied. The infiuellce of the carbon-t.o-nitrogen
composition ratio, x, in TiCxNI-x thin films depo ited ou cemented carbide substrat s
on the mechanical properties including hardne's and elastic fuodulus has also be n
reported [97]. In this tudy, TiCx I-x thin films were grown with x=O (TiN) to x=!
(TiC) by varying the flow ratio betwe n the reaction gases CH4 and N2 . In another
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study by the same research group, the mechanical properties of TiCx I-x hin fil
deposited on cemented carbide substrates were measured as a function of he in rinsi
stress of the film as measured by X-ray diffraction [98]. Investigation into the eft ct
of multilayer structures of compositionally modulated Ti/Ti films on their hardn
where the modulation periods examined were 10 15, 20, and 40 nm has also b n
reported [99].
Film Thickness
In the measurement of the mechanical properties of thin films the relation between
the ratio of the maximum indentation depth to the film thicknes has been analyzed
[65]. Studies on the evaluation of the critical ratio, which is that of the maximum
indentation depth to the film thickness in film/substrate systems such that the in-
dentation hardness is representative of the mechanical properties of the film alone
have been reported. Several year ago BUckle suggested the one-tenth rul (critical
ratio = 0.1) [100]. However this empirical suggestion may not be applicable when
film thicknesses are very small since the elastic displacement varies as l/r, where r
is the distance from the initial contact between the indenter and the specim n, and
the influence of the ubstrate on the composite compliance would be appar nt. v n
at very small indentation depths. To addres this problem. analytical solutions t.
determine the critical ratio have been proposed bv Kim [101] and more recently by
Yaffe [102]. In the work of Cai and Bangert [103] th fillite-element method was used
t.o simulate microhardnes testing procedures of coating-slIhstrate composites (with
hard and soft ubstrates) and to det rmine the critical ratio of pen trat.i n d pth to
film thicknes . These are based on the extension of the pl(1!'ltiC' deformation zone under
the indenter on the load at each incremental step and on the mean pressure curve,
in order to obtain the actual value of microhardness of the coating so as t.o avoid the
influence of the substrate. Experimental studies of the effect of the suhstrat.e on the
measured mechanical properties of thin film, ystems have also be n reported. In the
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work of Li et al. [104] the variation of measured hardness of the bulk material of the
film to that of the bulk material of the ubstrate as a function of the depth of ind n-
tation in different thin-film coating/substrate systems was studied. Th includ d
DLC coatings on silicon (hard substrate) and DLC coatings on pol carbonate (soft
substrate). This study enabled identification of the indentation depth at which the
measured hardness was that of the bulk material of the film and hence identification
of the critical ratio. Olofinjana et al. [91] proposed another method for determining
the critical ratio when the bulk hardness of the film material is not known. In this
method, sol-gel-deposited titania films were deposited on two different substrates one
hard (glass) and one soft (copper). The hardness of the two film/substrate ysterns
was then measured as a function of the indentation depth which enabled identification
of the critical ratio.
Thin Film Adhesion
Nanoindentation and nanoscratching have recently been employed to quantitatively
assess film adhesion in thin film/ ubstrate systems. The true work of adhesion is
the thermodynamic work required to create two new surfaces at the expens of the
interface, and i merely a summation of surfac n rgi . How v r in m st pra tical
cases of de-adhesion, there is additional in lastic damage. such as plasti ity and mi-
crocracking which occur in regions of the substrate and film n ar th interfa that
i directly as ociated with the interfacial delamination. In either Ca::le, the property of
interest i the energy associated with the interfacial fracture. Analytical mod Is have
been developed utilizing linear elasbc fracture mechanics COllcepts, in which dclami-
nations are modeled as bi-material crack and film adbesion is characterized by the
strain energy released per unit increase in delamination area [105][106][107]. These
concepts have been uccessfullv applied to man.v practical test met.hods. orne of the
simplest to conduct are those utilizing a llanomechanical probe such as indentation,
scratch. and line cratch techniques (a compari 'on of these three techniques has been
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reported [108]), in which a sub-micron diamond indenter is used to initiat and prop-
agate interfacial cracks. Analysis of the load-displacement curves and fractographie
measurement by optical microscopy yield the parameter for us in the th oretical
models. A key feature of these techniques is that each involves a different ratio of
shear to normal stresses or mode mixit , at the adhered film/ ubstrat boundary.
The adhesion value corresponds to the toughness of the interface at some particular
mixity value.
The test methods mentioned above have some limitations, and in fact th y are
often impractical for ductile or strongly adhering films because of the difficulty of
initiating delamination. The mechanics for calculating the quantitative driving fore
of indentation-induced delamination of thin-film multilayers has been reported [109].
Ductile and strongly adhering films tend to imply deform plastically before th devel-
opment of sufficient elastic strain energy for delamination. To addr thi limitation,
researchers have used superlayers deposited over the film of interest [109]. Th super-
layer, typically a refractory compound that does not significantly alter the underlying
film, is vapor deposited at a low temperature which results in a high residual stre s
that provides the additional driving fore for d lamination. Th ff cts of c rnpr -
ive re idual stresses on the fracture f thin sputtered-deposited tant.alum llitrid
film have been studied by indentation fract.ure and c ntinuous nanoscrat 'h testing
[1101. In another study. nano cratch t bng has' been combined with a multilayer
apphire and aluminum nitride single- ubstrate syst m to det rmine the effects of in-
terface composition and structure, measured by high resolutioll transmission el 'ctron
microscopy, on the usceptibility to fracture of hard. thin tantalum nitride films [1111.
The same was also measured by nanoind Iltation [112]. A comparison bet.we II three




The influence of applied stress on the measurement of hardnes and elastic modulu
using nanoindentation has been investigated by Tsui et ai. [114] and Jarausch t
al. [115]. These studies paved the way for new techniques for estimating near sur-
face residual stress using nanoindentation. In a recent study, the increas of re idual
stress resultant from UV laser-induced cracks in fused silica has been measured using
nanoindentation [116]. This relative residual stress measurement (relative to the ex-
isting residual stress of the bulk) was made with the aid of a simple th oretical model
based on the change of penetration depth and the chang in elastic modulus and
hardness. In a study of the indentation of intergranular phases of ilicate glas es in
polycrystalline alumina, the change in the load-displacement curve from the strained
silicate-glass films, which had a known value of re idual tre -. was used to make an
estimate for the absolute residual stress [1171. In another study the residual stres
in a thin stressed layer at a glass surfac was determined by a method based on th
measurement of the half-penny radial crack lengths produced at th corners of Vick-
er indentations [118]. This method enables the evaluation of residual tress by the
d t rmination of the fracture toughne and geom tric evaluation of th crack ob-
tained after indentation with the Vickers tip. Fractur' toughness hac; been measur d
as a function of the peak load applied during ind nt.atioll and to the radial crack
length [119]. Recently a new method for estimating r sidual stresses by instrum nted
sharp indentation. assuming the re idual stre . es and the residual pla~ ti . strains to
be equi-bi-axial and uniform over a lepth which is at least several times larg r than
the indentation contact diameter. has been proposed r120].
Viscoelastic-plastic Properties
R cently nanoindentation ha" been employed to evaluate viscoelastic-plastic proper-
ties of (Tlas es and polymer. It is known that a viscoela..c;tic material exhibits complex
time-dependent behavior. On method to d a.l with <lnal:vtical viscoelastic problems
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is to remove the time variable in the governing equations and in th bound
tions by employing the Laplace transforma ion with resp 0 ime. The .
problem becomes in effect, an elastic problem. The desired viscoelas ic olution can
then be obtained by performing the inverse Laplace transform on the elastic solution.
However, the Laplace transform method can only be used when the interface between
stress and deformation boundaries does not change with time. Another approach in
solving viscoelastic problems is to use the method of functional equations put forth
by Radok [121]. The functional equations can be obtained by replacing the elasti
constants in the elastic solution by equivalent viscoelastic operator appearing in the
viscoelastic constitutive equations. This method admits the existence of a moving
boundary, e.g., a contact surface. This latter approach has been adopted in combina-
tion with nanoindentation testing for the characterization of viscoelastic properties.
Using this method, Cheng [122) has developed an analytical method for flat and spher-
ical tip indentation which can be applied to compressible as well as incompr sible
coatings. For viscoelastic analysis, nanoindentation has been used in relaxation and
creep tests. In a relaxation test, the indenter is rapidly driven against a half space
of viscoelastic material to a certain depth and is th n h ld at that depth for a suffi-
ciently long time. In acre p test, th indent r is abruptly loaded to a c rtain valu
that is maintained thereafter. The use of this method and its impr v m nt by tak-
ing the hydrostatic pressure dependence of the lastic modulus and substrat ff ct
into consideration has been tudied [123]. The approach described abov r Ii on a
one-dimensional model. Further study on a mor realistic three-dimensional model
of the response of viscoelastic material to indentation by spheri al indenters, which
incorporates the stress and strain distributions beneath the indenter, has also been
reported [124). In a study of viscoelastic-plastic properties of PET, load-displacement
data has been used to evaluate the elastic modulus. the hardne s and the cr ep b hav-
iar [125]. The elastic modulus has been evaluated using two methods: 1) assuming
the elastic behavior during initial unloading to b that of a cylindrical punch; 2) us-
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ing a power-law relation. The hardness was calculated b dep h- ing and im gi
methods and the creep behavior was evaluated b the varia ·on of th hardn a
function of time. Furthermore, the infiuence of the maximum pene ra ion depth and
loading and holding times on the hardness values were also addre d.
Fracture Toughness
Fracture toughness of thin films has been calculated bas d on the analy i of th
energy release rate from the load-displacement curve during nanoindentation. For
indentation techniques, radial cracks are produced during the unloading cycle when
brittle materials are indented by a sharp indenter. The length of radial cracks i known
to correlate with the fracture toughness and is used to calculate fracture toughn s
based on various equations which have been reported [126] [127]. The fracture process
has been shown to progress in three stages [126]: 1) first ring-like through-thickness
cracks from around the indenter result from high stresses in the contact. area' 2)
delamination and buckling occur around the contact area at the film/substrate in-
terface by high lateral pressure; and 3) second ring-like through-thickness cracks and
. palling are generated by high bending stresses at the dg s of th budd d film.
The arne model has been u ed to tudy the fra tur toughn f multilayer hard
coatings deposited on cemented carbide [12 ]. In this study the chang s in sl p
of plot of load-penetration depth squared w r shown to r v al th changes of the
coating/substrate sy tern. Two other m thods bas d on COlT lating era k leugths em-
anating from the corner of the indentation wItell the indenter and load are removed,
and correlating fracture toughness have been r ported [129]. A new mechani al test,
the cross-sectional nanoindentation test, has recently beeu developed for measuring
fracture toughness [129]. In this test indentations are mad normal to th wafer ross-
section within the substrate and dos to the int.erface of interest. From the results
of this test a model based on elastic plate theory was developed to numerically cal-
culate the interfacial critical energy release rate [130]. Inputs to the model arc the
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thin film elastic properties, thin film thiclmess, interfacial crack area and maximum
thin film deflection during the test. The interfacial delamination area (crack area)
was measured by optical and scanning electron micro copy. The maximum thin film
deflection during the test can be obtained from the load versus displacem nt curv
and the Berkovich diamond-tip geometry assuming that the indenter shaft do not
tilt during the test. The anti-wearability of brittle materials has been hown to be
principally determined by its fracture toughness, when cracks occur on the worn sur-
face [128], where anti-wearability is determined by the fracture toughnes , the elastic
modulus and the hardness.
2.2.5 Pop-in
Pop-in is a sudden increase of penetration depth at constant load Pcrit and i hown
on a load-displacement curve in Fig. 2-5. It has been attributed to a variety of
mechanisms including sudden nucleation of dislocations, oxide layer breakthrough,
the occurrence of a phase transformation. or twinning. Pop-in can occur due to
any process which results in sudden release of train energy [131]. Studi on a
variety of material have attributed pop-in to a sudden nuel ation of dislo ations.
These are listed in Table 2.6 and includ Au [67][132], Al [133], singl:> crystal F
3%Si [69][70][71], GaAs [69][134][135], MgO [135][136][137], InP [134], h03 singl
crystal SiC [68], (001 )TiN [138], AIGaN thin films [139]. Ga thin films d posit d on
sapphire [76][77] and bulk Ga [76].
The arguments that have been made for attributing the yield point of a material
to the nucleation of dislocations are e sentially two, i.e., 1) observation of clastic
behavior before the onset of plasticity and 2) the agrecm nt betwecn the maximum
shear stress under the indenter calculated by PeriL and the theoretical shear strcllgth,
which is the ideal shear stress if slip is assumed to occur by the translatioll of onc
plane of atoms over another in a perfect latticc. An additional argumcnt madc in
several tudies i the absence of crack.. as observ d hy atomic force microscopy (AFM)
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Material P crit (mN) Range % hcrit (nm) Indenter Reference
Au 90-700~ ±77.2 NR 1 [67]
Ala 15 - 27 X 1O-:l ±28.6 ",,7 2 [133]
Al (110) ""3xlO 1 "" 15 2 [133]
Al (Ill) "" 8 X 10 -3 ",,6 2 [133]
Al (133) "" 15 X 10 -2 ",,8 2 [133]
Fe-3%Sib ., - 30 X 10-:.1 ±62.2 ""17.6 3 [69]
GaAs "" 6 X 1O-:l "" 18 3 [69]
GaAs 23 - 45 ±32.3 "" 200 4 [134]
InP 10 - 17 ±25.9 "" 150 4 [134]
SiCb 6.2 ± 0.5 ±8.1 "" 85 2 [68]
A120 3 1.5 ± 0.4 ±26.7 "" 100 2 [68]
A120~ 7.3 ± 1.8 ±24.6 '" 40 2 [68]
TiN (001) 0.34 ± 0.04 ±11.8 "" 15 2 (138]
CaNe 21.0 ± 2 ±9.5 '" 35 2 [77]
GaNJ 24 - 40 ±25.0 "" 150 4 [76]
Table 2.6: Reported pop-in values for several mat.erials with the rang of th valu of
critical load. (a) polycrystal material (b) ingle cry t.al material, (c) ind ntation on
(1012) plane, (d) indentation on (0001) plane, (e) thin film 1.3-2.4 /-£m thick, (f) thin
film 3 /-£m thick. The indenters used and listed above are (1) Four-side pyramidal,











imaging [133] [136]. hown in Fig. 2-6 i a typical load-displac m llt urve btain d
during loading and unloading befor Perit has b en rea h d. The elasti . b havior
of the material at a load lower than P ertl i us d to explain the fa t that p p-in
can be viewed as the onset of plasticity. or in other words th first movem nt of
di locations. A question arise as to wh ther the dislocations are created an] then
moved (wher by the shear tress should be cCJual to the theoretical shear str s)
or whether they wer already present in the material and were then moved (wh r
by the shear stres should b equal to the Peierls- abarro stress). To address this
issue Gane [67], during indentation of All. observed that the maximum shear stress
under the indenter. which was considered to he approximat ly equal to 1/6 of the
pressure under the indenter, was ill agreement with the reported theoretical shear


























Figure 2-6: Typical elastic behavior observed before on et of plasticity OJ
To evaluate the pr sur under the ind nt r and then th maximum sh I
the Hertzian th ory of elastic conta t b twe n two non-rigid spheres was us
solution has been summarized by Johnson [53], wh I' the m~'(imuUl pressu
the spherical indenter (Po) is
where E r i the reduced elastic modulus. givell in Eqn. (2.3), which account
non-rigidness of the sphere, R is the radius of the spherical tip. P is the loac




p . £2) 1/3Tmax = 0.31po = 0.18 cr;2 r (2.6)
Equation (2.6) has been used in a variety of studies [69] [70] [71] [132] [133]. A particular
solution of the Hertzian problem has been presented by Timoshenko [140] wher
he assumed that both bodies in contact had the same elastic prop rti and took
Poissonls ratio as v = 0.3. Then, Eqn. (2.6) becomes
(P. .£2) 1/3cntT max =O.12 R2 (2.7)
where E is the elastic modulus of the sample as well as the indenter. Although thi
solution is a very rough approximation, not con.sidering the differences between th
diamond tip and the different kind of samples, it has been used in everal studies
[68][77][138][139]. Once the maximum shear stre s under the indenter has b en cal-
culated it can be compared to the theore ical value. The theoretical shear trength





wher G i the shear modulus of the sample. This quati n has be next n ively
used [69][70][132][133]. Th value Ttheo should not be confused with th sh ar tress
needed to move an xi ting di location which is t h Pei rl - abarro str ss T p [142]
and i given by
2GT :=:::: __ e-[27ra/(J-lJ)bl
p 1 - lJ
(2.9)
where v is Poisson's ratio, a is the di tance bet.ween slip planes and b is the di tanc
between atoms in a slip plane along th lip direction [46][143]. Other xpres ions
for the critical shear stress Terit for the creation of a dislocation loop have also b en
presented. Page et. a1. [68] have used
Tent:=:::: Gb In (~) :=:::: Gb In (!...)
41TT TO 471T r'o
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(2.10)
where T is the radius of the loop, TO the eli location cor radius
limit of the stress field integration. Bahr et aL [71} repor
2-VGb[ 4 1 (4T )]T cr1t = --- 2 + - In - - 2
1 - V 87T 4T - ro T TO
d R th up
(2.11)






where T c is the critical radius.
Much work has been conducted to determine whether the yield point b havior
is associated with dislocation nucleation or oxide breakthrough [70J. For exampl
in the work conduced by Gerberich in 1996 [69], two different occurrences of pop-
in have been observed. The first occurrence at a load between 70 and 300 J.lN was
associated with the onset of dislocation nucleation and the second at a load of about
2 mN was associated with the breakthrough of the urface oxide layer. In an arli r
study by the same research group [144] imilar behavior was een where it was argued
that the second pop-in observed was not due to dislocation nucleation but rath r
oxide breakthrough. The author pointed out that th mcasured fore t initiat th
yielding proces was mor than an order of magnitude gr at-r for B -3wt (J i than
for i although these two materials had similar elastic moduli and thi ·knessf\s of th
oxide overlayers. If the pop-in was caus d by nuclcation dislocatioll a similar fore to
initiate yielding should have been ob rvecl. III R study b,v Asif [131] 011 i pop-in was
attributed to breakthrough of material which bad undergone a phase transformation
during indentation.
The onset of plasticity in Si. where sometimes in the loading curve and mol' often
in the unloading curve [145] pop-in was h cl'ved, has he0.n attrihuted to a phase
transformation. A large amount of depth recovery during unloading. referred to as
"pop-out" , resulting in a characteristic revcrse force on the indentcr has be n observed
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[68][146]. TEM (transmission electron micro cop) s udi of inden a io m ili n
revealed less evidence of obvious dislocation activit but did ho r idual highl
imperfect, and often amorphous, structures within the indentations onsist nt wi h a
densification transformation occurring at the ver high hydrostatic tres produced
under the indenter. The reverse force is caused by the relaxation of densified material
during unloading. Thus it has been argued that the low-load hardnes respons of
silicon is controlled by a pressure-sensitive phase transformation [68].
Although microcracking has been observed during indentation in Al20 3 [6 ][147],
InP and GaAs [134], it has not been considered the cause of pop-in. In a study
on Ah03 [68], TE f images showed the presence of a few dislocation loop and mi-
crocracks, but the fact that the shear stress value was near the theoretical strength
indicated that dislocation nucleation was mo t likely the cause of pop-in. In the
study on InP and GaAs, the microcracks were found at the apex of the impr sion as
observed by XTEM (cross-sectional transmission electron microscopy), however only
for high-load indentation. That the discontinuity in the load-di placement curve was
not caused by microcracks was suggested by the fact that at low-load there were no
observed microcracks but the data collected were similar t th high r load r gi n
wh re microcracks were ob erved.
Th onset of plasticity in sapphire at a criticalloacl of 200 m which is much high r
than that observed by Page et al. (maximum load ~ 8mN) [68] was attribut d to
the twinning process [148].
The experimental variability of Pcrit can be very high as shown ill Table 2.6
[67] [68] [69] [76] [77] [133] [134] [138]. In the case of Ga not only is ther a large vari-
ability but question as to whether the material xhibits pop-in [76][77] or not. [75].
To attempt to explain this large variability numerous studies on the conditions that
effect pop-in has been performed. Among the e are the topography of tIl surface
of the sample, environmental condit.ions, indentation time, velocity of ngagcment
and indenter geometry. The relationship of crystal orientation, dislocation d nsity
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and oxide film thickness to the occurrence of pop-in have b repor d [70][13 j.
In addition, the influence of variations in surface chemistr [71J of roughn [132J
and for films, the thickness of the film [77][149], the epitaxial interla er [149J biaxial
misfit stress [149], and film quality [77] have been studied in relation 0 pop-in. The
temperature [71J and relative humidity [131) during indentation have been r orded
and the influence on pop-in analyzed. The indentation time measured from when
the indentation test starts to the occurrence of pop-in has been recorded wher it
was found that at lower loads this time increases [71). The velocity of engagem n
[150] [151] and the radius of the indenter [131] [133] has also been found to effect pop-in.
2.2.6 Dislocation Generation
The dislocations generated by indentation have been studied extensively by everal
researchers. The major research issues that. have been explor d ar th gen ration
mechanisms, the plane and direction the dislocations travel once created, and the
anisotropy that the rosette dislocations show.
In a study by Hirsch et a1. on GaAs [82], t.he dislocations due t.o Vicker in-
dentations were first observed by etching the surface and then a mod I dev I ped
to predict the pattern of the di Iocat.ions. It should be not d parenthetically that
Vickers indentation ar large by compari on to those produced by nanoindentation.
The model calculate the resolved shear stress for each point in a r gion under th
indenter for a given applied load and for all p ssible slip sy terns. Locat.ions on a
given slip system where the resolved shear stre s is a maximum ar id ntified. The
resolved shear stresses were calculated from the three principal stresses obt.ained by
the solution of the problem of a uniform pressur a 'hng along a parallel st.rip devel-
oped by adai [152J. sing this model, th GaAs plastic zone under the ind ntation
was modeled in three region: 1) an inner region where slip syst ms cross each other
forming locks - this region is strongly work-hardening; 2) an outer region where slip
occurs in the material along diverging planes - here slip is limited only by the lattice
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friction stress; 3) a rosette slip region where the slip plane i parallel 0 th urf c
- here the magnitude of work-hardening depends on the geometr and orientation f
the indenter. This plastic zone modeling approach has been used not only in ma erial
with cubic structures but in hexagonal structures as well. For exampl in a tud of
sapphire conducted by Nowak et al. [147) the Hirsch model was modified lightl by
multiplying the shear stress by the so-called constraint factor which ac ount for the
tendency of the indented material to move toward the free surface. Thi model was
successfully used to explain hardness anisotropy and in th tudy of rosette disloca-
tions. Using plastic zone modeling the hardness anisotropy of InSb [153] and GaA
[154] was attributed to different work-hardening characteristic of the slip system ac-
tivated in different indenter orientations, and as previously di cussed, to the different
velocities of the dislocations In(g) and Sb(g). Several studies on ro ette dislocations
using this model have also been pre ented. In a study by Doerschel [155] th forma-
tion and motion of the rosettes was attributed to microtwinning, and ani otropy in
terms of the length of the arms of the rosettes was consid red to be caused by th
differences in the shear stress acting on the different slip planes. In another tudy th
model of Hirsch was used to show that the dimension of th ro ette Wal' inftu nc d
by the oxygen pre ent in the silicon which helped the' formation of locks [156]. In
addition the di location rosette creat d in In b b~' iudentatioll have be 11 studied as
a function of the amount of doping and th alll1calillg temperature Ilsed [153]. Th
plastic zone modeling method has b en used tlot only for Vickers ind nt rs but for
pherical [157) and Knoop [154] indenters as weI!.
The dislocation discuss d abov are du(' to applie'd indenter loads much gr atcr
then Perit. This loading results in multiple dislocation activation which can be x-
plained by plastic zone modeling. In the CCllie of pop-in. ideally only on slip system
is activated. A mod 1has al. 0 been prc ented to predict this sli]J system [G9][87]. In
this method. if the possible slip sy terns arc alollg differcllt plan s it is neccssary that
indentation be performed on different surface planes. e.g.. (0001), (1010) and (1120).
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This is because different slip systems may have different valu of cri ical r oh~ d
shear stress, thus the slip system where the maximwn resolv d h ar tr ts may
not be activated because the critical shear stress for that lip y tern rna be higher
than for another. The first step of this method i to calculate the resolved shear
tress on all the possible slip systems at the Pcrit for each surface plane indented.
Once the resolved shear stresses are obtained the maximwn for each slip y tern for
a particular surface plane is compared with the maximum for the arne slip sy tern
of another plane. This is repeated for all slip systems and for all plan . Finally
the activated slip system will be the one for which the maximwn i independent of
the surface plane, i.e., its value is constant for each surface plane. This method has
been used in a study conducted by Gerberich [69] on Fe-3wt%Si and by Kiely [87] on
Au. Gerberich evaluated the state of stress under the ind nter in cylindrical coordi-
nates using the Johnson solution of the Hertzian problem [53]. He then determined
the resolved shear stress T r on any slip plane with normal n. and slip direction s by
summing the contribution from all components of stress (Jij, viz.,
(2.13)
where eij are the Schmid factors
(2.14)
The same approach was followed by Kiely [ 7]. III the Gerberich work only one plan
was indented because only two possible slip systems were identified and bot.h had
about the same critical shear stres as a I' suit of the cubic structur of Fe-3wt%Si
therefore the system with the maximum resolved shear stress w~ determined to be
the active one.
Simulation by numerical analysis of the initial stages of plastic ueformation due
to an indentat.ion (for a rectangular pnsm alld cylinder indenter) using a quasi-
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continuum method has been developed [15 ]. With this me hod it was po ibl to
predict the load-displacement curve as well as the Peierls str and the density of
geometrically necessary dislocations beneath the indenter.
2.2.7 Influence of Light
The influence of light on crack propagation and on dislocation generation during
indentation has been reported [72] [73]. Koubaiti who used TEM deformation ex-
periments in conjunction with indentation correlated the indentation results to th
ratio of the wavelength of the light used to the absorption edge. At a ratio of les
than one, dislocation mobility is increased and crack propagation suppr sed, as ob-
served in a study conducted by Maeda at al. on GaP [73]. This is referred to as a
negative photo-plastic effect (PPE). In the study of Koubaiti on ZnS [72] for ratios
greater than one (positive PPE) dislocation mobility decreases and crack propagation
increases. These studies enabled the explanation of the softening effect in GaP [731





3.1 Preparation of ZnO Surfaces
Hexagonal (wurtzite) structure ZnO grown by the seeded chemical vapor transport
(SCVT) method was used in the tudy. A ZnO crystal posses two distinct polar
faces normal to the <0001> axis a Zn-terminated (0001) face (Zn face) and an
O-terminated (0001) face (0 face). Both faces were tudied in the present work.
The (0001) oriented ZnO wafers wer awn from a boule and th n etch d in 5 vol o/c
trifluoroacetic acid (F3CCOOH) and de-ionized H2 0 (15 MD-cm) to r mov ab ut 25
).Lm from the saw-damaged surface. Th ori nt d crystal w re of nominal dimensi ns
8 x 10 x 0.7 mm. The wafers were proce ed on both sides by first lapping and th n
chemomechanical polishing. This provided flat. minimally damag d surfaces which
could be then further processed. Lapping was p rformed using a ommercial lapping
machine with a cast iron wheel and a 9 !.Lm A120 3/d -ionized H20 slurry resulting
in an additional 50 ).Lm of material removal from each side. This was follow d by
chemomechanical polishing using a commercial polishing machine and a slurry of a
1:8 ratio of sodium hypochlorite:colloidal silica (9.1 pH). Approximately 25 ).Lm of
material from each side was removed under conditions of 1.7 x 10-2 MPa. Sets of







1) mechanical polishing with 1 J-Lm diamond abrasive/de-ionized H20 lurr and 2)
chemomechanical polishing as described above. Mechanical polishing was perform d
using a nylon pad and a pressure of 1.4 x 10-2 MPa. Etched surf c w r als
prepared after chemomechanical polishing by etching in trifiuoroacetic acid/de-ionized
H20.
3.2 Instrunaent
The nanoindentation system is composed of a commercially available nanoindenter
(Hysitron, Inc.) and an atomic force microscope (AFM) manufactured by Digital
Instruments. The Hysitron system includes a signal adaptor, a scanner 1 a controller,
a three plate capacitive load-displacement transducer and an indenter. The main
components of this instrument, the three plat transducer and the indenter. will be
described in detail later.
In Fig. 3-1 a block diagram of the nanoindenter is shown. The software interface
between the atomic force microscope and the Hysitron is made by the signal adaptor
while the hardware interface is made by the canner. Attach d to the scann r is th
transducer, where th indenter is fixed. Belo\\!. bri f corom nts on th individual
components of the nanoindenter are made. The indenter is th only compon nt in
contact with the material, i.e., it is an interface between the surfac of the mat rial
sampled and the transducer. The transduc r i.' used to apply a d sir d load to the
indenter and measure its displacement in the z direction. Th transducer controll r
manages the input and output of the transducer (load and displacement as a function
of time) which are then sent to the transducer computer which displays th plotted
load-displacement data and the ignal adaptor that converts the data into a com-
patible format for the AF:!vI controller. The scanner moves the tip in the x and y
directions labeled in Fig. 3-1. The AF~vI cOlltroller receives the coordinate of the
indenter position in three dimensions, the z coordinate from the transducer controller
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Figure 3-1: Block diagram of the nanoindentation system. The components of the
Hysitron system are in bold.
and the x and y coordinates from the anner, allowing for an imag of th t P graphy
to be displayed on the AFM monitor. An exampl of a topogr phy imag btain d in
situ is shown in Fig. 3-2. There ar ssentially two computer , the Hysitron comput r
which controls the load, z direction and time, and the AFM computer which ontrols
the other two directions x and y and the engagement of the tip to th surface (the
macro copic z direction motion).
The maximum load which can b appli d by th transduc r is approximately
10.7 mN. The range of data points that can be chosen is from 500 to 000. The
resolution stated by Hysitron in the u er's manual is less than 1 n for the load and
approximately 0.0002 run for the displacement. The noi e fioor is reported to he 100
nN for the load and < 0.2 run for the di placement (without averaging). This allows
zy
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Figure 3-2: AFM topography image of an indentation in ZnO at 3000 f-LN peak load.
indentation to be performed with maximum loads < 25 f-L l and totals depths < 5
nm.
3.2.1 Transducer Operation
The essence of the nanoindenter is a three plat capacitive force/displacem nt. tr n8-
ducer. This transducer designed by Hysitron has the advantage of providing high
sensitivity. large dynamic range, and a linear displacement output signal. h· low
sprung mass (200 mg) of the transducer's center plate minimiz s th sensitivity of
external vibrations. and allows for light ind ntations < 25 f-LN to be made.
The transducer i shown in Fig. 3-3 and consists of one mobil electrode attached
to a thin plate acting as a flexible spring (referred to as the pickup p.lectrode or center
plate), and two fixed outer electrode (referred to as drive plates). The indenter is
attached to the center plate by a screw so that the load and displacement applied to
the center plate correspond to the load and displacement of the indenter. The two













Figure 3-3: Three plate capacitive force/displacement transducer
parallel and the distance between them is much smaller than th area of the plates, it
is possible to model them with the theory of infinite parallel planes carrying an equal
but opposite uniform harge density. Thi enable one to con id r th - I ctric fi ld
constant and the potential to vary linearly from the maximum ( qual to th appli d
ignal) at the drive plate to zero at the position cent red dir ctly b tween the drive
plate . The distribution of the potential is shown in Fig. 3-4. An ~mportant design
consideration allow one to consider the pot.ential of th center plat (\IeI') equal to
the potential present at its position between the drive plate. This allows th c ntral
plate displacement to be obtained by measming its potential. The load applied to
the center plate is regulated by the potential applied to th driver plates once th
position of the center plate is known.
The user inputs to the control oftware are the load pattern and the number of
load-time data points to be taken. An xample of a load pattern i. shown in Fig. 3-5.








Figure 3-4: Distribution of the electric potential between the drive plates. V i the
AC signal applied to the drive plates which are 1800 out of phase and VCp is the












Figme 3-5: Example of a load pattern
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position of the center plate and sets it to zero di placement. From th po ition of th
center plate the signal needed at the drive plate to appl th load describ d in th
first point of the discrete load pattern is calculated. The effect of changing th ignal
at the driven plate will result in a displacement of the center plate after which a new
calculation of the signal is made to follow the load pattern. The load-di plac ment














Figure 3-6: Load-displacement curve for CI peak load of 1000 jJ. in Fused Silica
3.2.2 Indenter
In this study a Berkovich indenter was used. The indenter material is diamcmd which
has a high elastic modulus (£=1141 GPa [50]). high hardness. low friction and low
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surface roughness, all the characteristics needed by an indenter. Another important
characteristic is a well-defined geometry so that the impres ion left on the material
is well defined. The Berkovich geometry (shown in Fig. 3-7) is a three-sided pyramid
with a 65.3° angle between the altitude of the la eral face (segment AH) and the
vertical axis (segment AD) and a 76.9° angle between any side and the vertical axi .
An advantage of the three-sided pyramid is a sharply pointed tip compared with the
A
Figure 3-7: Geometry of the B rkovich indenter
four-sided pyramid geometry of Vicker and Knoop, as a result of th - fa t tha.t. thr
non-parallel planes inter ect at a single point. This fact mak th B rkovich easy
to manufacture. Another advantage of thi geom try is that th area fun tion which
is the cross-sectional area of the indent r ill a functioll of the distanc from its tip,
is imilar to the Vickers area function. An AFM imag of th indenter used in this
study is shown in Fig. 3- .
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it is reset to zero. Then the tip is focused with the AFM optical camera for vi wing
when approaching the sample surface.
In the next step, the sample is placed on the vacuum chuck with the room in
darkness. Indications from the minor studies discussed in Chap er 4 are that the
ZnO surface can be altered by light. For the same reason all the sampl are stored
in a desiccator in a completely dark room. Before turning the room lights on after
the sample is mounted the enclosure protecting the AFM is do ed.
The tip is manually brought to a distance of about 70 !Jm from he surface with
the AFM motor, which controls the z direction during the engagement procedure.
This is made possible by the AFM optical camera which allows one to see the mirror
image of the tip reflected from the sample surface at a distance of approximately
70 !Jm. During the manual approach two images of the tips (the actual one and
its reflection appear) on the AFM monitor when the tip i close to the surface of
the sample. Then the approach is stopped and before using the automatic engaging
procedure, the system is allowed settle, warming up for about one hour.
The system is allowed to warm up so that the thermal drift due to the different
temperatures of the tip ample, transduc r scanner, and th machine fram (all
objects under the enclosure) is minimized. Th IF ct of th th rmal drift c n b n
by the continuous variation of the fore gain whi h d cr as s with tim. Wh n th
value of the force gain i constant (after about on hour) th machine is r ady t
indent and therefore the value of the force gain is again s t to zero.
At the beginning of each set of indentation exp riments, before engaging the
surface of the sample, an "air indentation" is made. The load pattern consists of
loading and unloading, without any holding, at a p ak load of 20 !IN and with a
load rate of 10 !IN/sec. The load-displacement data for such an indentation should
result in an increasing displacement with con tant load equal to zero. If the load-
displacement data show an increasing or decreasing load during the air indentation





load. A typical value of the EFC is 0.02976 J-L /V2 .
To engage the surface, two inputs are entered, 1) the velocity of ngagem nt of
the tip, entered into the AFM software and 2) the set point inputted in nA equivalent
to mg force, entered into the Hysitron software. The set point i the load measured
by the transducer at which the vertical motor should stop. These two valu mu t
be chosen carefully to avoid false engagement, and more importantly to not damag
the sample surface by introducing plastic deformation. It was noticed that with a
high velocity of engagement, e.g., 7 J-Lm/sec, the set point must also be high, e.g.
200 J-LN (20 nA) to avoid false engagement. These conditions however caused plasti
deformation to occur on the surface of the material, as was evidenc d by a r idual
imprint which could be seen. Useful conditions were found to be a velocity of 1 J-Lm/sec
and the load of engagement of 20 J-L . Once these two parameters are entered, and
the scan size confirmed to be zero so that the tip would not scan the surface with a
load of 20 J-LN, the engagement could be made. As soon as the tip comes in contact
with the surface and the z motor stops, the current set point is changed to 0.8 - 1
nA, corresponding to about 8 - 10 J-LN load applied to the tip, and the scan size is
changed to 5 J-Lrn.
After engaging the urface it i scann d to measme the topography. This tal< s
about ten minutes. While the surface is being scanned, the load pattern (load-time
sequence), the number of data point and th drift orr ction are set on the Hy itron
computer. At the beginning of the indentation exp rim nts the load patt rn shown
in Fig. 3-9 was used. This sequence was the same as that used in the experiments
of Oliver and Pharr [50]. The indenter is loaded and unloaded three times witlJ
the unloadings terminating at lOo/c of the peak load. This is to assur that the
unloading data used to calculate the elastic modulus is mo. t.ly clast.ic. Aft r the
third unloading, the load i held at 10o/c of the peak load, while the variation of
displacement is monitored so as to evaluate the pre ence of thermal drift during the





















Figure 3-9: Load pattern used by Oliver and Pharr
time, and then held at the peak load to allow any final tim -d pend nt plash ts
to dimini h. The indenter is then completely unload d. Thi load patt I'll was s on
dismi ed in favor of a simpler one shown in Fig. 3-10. As a result. of h sh rter tim,
the simpler load pattern minimized problems with drift, and reproduc d th - results
obtained with the load pattern of Oliver and Pharr. Th load patt rn which was
used consisted of a loading portion, a holding time equal to half th time of loading
and an unloading portion. The loading rate was hosen to be 100 J-LN /sec, which was
found to be ideal for the range of indentations performed (200 to 3000 .uN). For the
hallow depths the indentation was performed in 5 sec and at t h largest depth the
indentation took 75 sec. The number of data points selected was 3000 and the drift
correction was set to a maximum drift rate of 0.1 nm/sec and a maximum tim of 20









































mak an indentation given, th transducer maintains the load at. zero b for' iud nting
for a period of 5 sec after which th drift rate of the displacement is valuated. If
the drift rate i greater than 0.1 nm/sec th load is maintained for another 5 s
otherwi e the indentation i perform d. For the as when the loa L held at zero
for 20 sec (4 cycles) and the drift rat is still greater than th prescri bed one, the
instrument will perform the indentation and correct the data using the last value of
drift rate obtained. The et of experiments reported in this study do not involve any
where the drift rate was higher than the pr scribed value. When the drift rate is
below that prescribed, the instrument correct the dat a using the III asured valu ,
which is assumed to be constant throughout the test.
When the surface is completely scanned over the 5 pm x 5 pm region. the topog-










the internal and proportional gains of the scanner are et to zero just b for the in-
dentation i performed. This is to stop the scanner and assure that no complianc
is added to the indenter. Then the indentation is performed. Once the indentation
is completed the scan size, internal and proportional gains are changed back to their
original values, so that an in situ image of the indentation can b taken.
After the indentation is completed the load-displacement curve i plott d on the
Hysitron monitor, and the value of the reduced elastic modulus (Er ) hardn s (H),
contact depth (he) and measured stiffness (8), evaluated as described in Chapter 2

















4.1 Load - Displacement Analysis
A typical load-displacement curve for a peak load of 200 J-l on ZnO i shown in Fig.
4-1. In this plot, as well as in all the indentations performed on ZnO, a sudden incr ~e
in penetration depth at a given load Perit (pop-in) was ob erved. Pop-in divides the
loading portion into two regions, a purely elastic region before the onset of plasticity
and an elasto-plastic region after it. The incr as in p netratioll at constant peak
load is due to material creep during the hold of the p ak load (Fig. 3-10).
4.1.1 Elastic Loading
To verify the elasticity before pop-in several indentations were made at loads less then
150 J-lN. An example of the load-displacement curve is given in Fig. 4-2. As an he
een the loading and unloading portions of the load-di placement curve overlap, and
after indentation no permanent deformation of the surface was observed. This result
enabled consideration of the indentation process before the onset of plasticity as an
elastic contact problem for which the Hertzian solution could then describe the load-

















Figme 4-1: Typical load-displacement curve for ZnO
contact with an elastic half-space i
(4.1)
where Er is the reduced modulus as defined by Eqn. (2.3), and R is th radius of th
spherical indenter. At shallow indentations the Berkovich ind nter can be consider d
a sphere with a radius equal to the radiu tip.
The radius of the Berkovich indenter was estimated hy fitting the area function
of the indenter, calculated in Appendix A. with the area function of an ideal sph r ,
evaluated geometrically as shown in Fig. 4-3. The area function was fit for 11.(' betw n
4.7 run, the minimum considered in the ca.libration process, and 18 nm (note th ons t

































Figure 4-2: Indentation in ZnO at 100 f..L peak load
function for an ideal phere i
(4.2)
where the resultant radius of the sphere, R, was found to b about 270 nm. The plot
of the area function for the B rkovich ind nter and for the ideal sphere of radius 270
nm is shown in Fig. 4-4.
In Fig. 4-5 the Hertzian solution given hy Eqn. (4.1) helli been compared to the
measured load-displacement data. Here. R = 270 nm, and Er = 125.5 CPa (calculat d
from reported values [18]). The two curve are. een to follow t.he same path with all
off set of about 0.5 nm which could be explained by an offset. in the force transducer.
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Figure 4-3: Area function of an ideal sphere calculated geometrically
1.2
Area Function for the Berkovich indenter (measured) .
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Figure 4-4: Comparision between the measured area function of the Bcrkovich inden-





















Figure 4-5: Compari on between th experim ntal data and the Hertzian solution
.56
4.1.2 Pop-in




















































Figure 4-6: Indentation st pped just after P p-m
unloading portion of the load-displacement CillV d es not overlap th loading part.
Moreover the in situ measurement of th surface topography showed a perman nt
imprint with a depth equal to the final depth hi' Note that th depth of thc pop-ill









4.2 Investigation of the Two Polar Faces of ZnO
The fir t study conducted on ZnO was to det.ermine if any differcllc ill the mechanical
respon e, i.e., elastic modulus (E). hardness (H). and Oll..'3et of plasticity (pOp-ill), of
G7
the two polar faces could be measured by nanoindentation. Thi stud w motivated
by the fact that several differences between the polar faces of ZnO were ob erved
can be seen in Table 2.5, and by the fact that differences in hardn between the
polar faces of GaP [73], GaAs [82], and InSb [81] have been report d.
In this study both the Zn-terminated (0001) and O-terminated (0001) fac of
ZnO prepared by chemomechanical polishing were investigated. The range of ind n-
tations performed on both faces was from 200 - 3000 J.LN corresponding to a contact
depth of 15 - 130 nm. The smallest indentation was cho en with a peak load higher
than the Pcrit, so that plastic deformation would occur and hardn s could be mea-
sured.
4.2.1 Measured Hardness
Results of hardness as a function of contact depth are shown in Fig. 4-7 where the
error bars are based on one standard deviation of about £ifte n experiment per point..
The two faces did not present discernible differences in hardness, but a light decrease
for both faces at greater depths can be inferred. The difference in the mean valu of
hardnes between the indentations at approximately 1 nm and 125 nm was 1 .6%
for the Zn face and 16.3o/c for the 0 face. Th hardn s was found to b 5.3 ± 0.3
GPa at about 125 nm, and 6.2 ± 0.4 GPa for depths betw en approximat. ly 18 and
60 nm. These values of hardnes were comparabl to the only reference value found
on ZnO of 2 GPa [15], obtained by Vicker ind ntation and therefore for lllllCh larger
and deeper indentations. The hardnes results are summarized in Tahle 4.1.
A plausible explanation of why no difference betwe 11 the two fac~ was observed
1 that at the depth scale inv tigated the di. location. gen rated during the ons t of
plasticity do not interact with each other. This may be due to only a few dislocations
being generated or may be because the dislocations move on ollly oue slip sy tem
and therefore are parallel to each other. For GaP [73]. GaAs [82], and InSb [81] the































Figure 4-7: Hardness versus contact depth of the polar faces of ZnO
between the X dislocation and the Y dislocation (for th XY material), whi h aus s
the dislocations on one face to interact with each other earlier than on the other face,
with the result being a difference in hardness betwe n the two fae s.
H (GPa)
Depth 18-60 nm 125 nm Bulk [151
ZnO 6.2 ± 0.4 5.3 ± 0.3 2
Table 4.1: Hardne s result of the two polar faces of ZnO
4.2.2 Measured Elastic Modulus
The elastic modulus for bulk ZnO has been reported to be 123.0 CPa [18] (Reuss
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Figme 4- : Elastic modulus ver us contact depth of the polar faces of ZnO
contact d pth obtained for both fac . Th error bars are again bas d on on standard
deviation of about fifteen experiments p r point. At a contact depth of 125 nm the
moduli found for both face are in agr ement with the reported valu, E=l1G.O ±
1.9 GPa for Zn face and E=121.7 ± 5.0 GPa for 0 face. The 0 fa'e was fOllIld to
have a higher elastic modulus ov r the entir range of investigation, and at shallow
depths the difference of the mean value b twe n the two smfaces increases t.o 13.1%
at a contact depth of about 18 nm (£=133.7 ± 10.3 GPa for Zn face. and E=153.9
± 11.8 GPa for 0 face). The elastic modulus results are summarized in Tahle 4.2.
A plausible explanation regarding th observed difference in clastic modulus lw-





Depth 18 nm 125 urn Bulk [18]
Zn face 133.7 ± 10.3 116.0 ± 4.9
o face 153.9 ± 11.8 121.7 ± 5.0
ZnO 123.0
Table 4.2: Elastic modulus results for the two polar faces of ZnO
difference in atomic arrangement of the two surfaces as a result of reconstruction
and relaxation. For polar materials the surface atoms undergo a proces of recon-
struction and relaxation needed to eliminate the dipole generated through the crystal
from having a cation or anion termination and to produce a stable surface [159]. No
definitive explanation however can be given with the available understanding of the
surface compositions.
4.2.3 Critical Conditions for the Occurrence of Pop-in
In all the experiments performed, the presence of pop-in was observed. The critical
load for pop-in was found to differ for each of the faces, where Pcrit was 150 ± 17 j.LN
at a depth of 16 ± 1 nm for Zn face, and 166 ± 30 j.LN at a depth of 17 ± 3 nm for
o face. Table 4.3 summarizes the valu s of th critical load (Pcrid a.nd depth (hcrit )
for the two faces of ZnO. These results are discu sed in the next section.
P cril (j.LN) hcrit (nm)
ZI1 face 150 ± 17 16 ± 1
o face 166 ± 30 17 ± 3
Table 4.3: Pop-in results for the two polar faces of ZnO
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4.3 Pop-in and the Onset of Plasticity
4.3.1 Dislocation Nucleation
As was discussed in Chapter 2, one of the causes of the sudden increase in di plac ment
at a critical load is dislocation nucleation. For this to be the case for 2nO, t.wo
observations should be made, 1) elastic behavior before the onset of plasticity and
2) agreement between the measured maximum shear stress under the indenter and
the theoretical shear strength (ideal shear stress if slip is assumed to occur by th
translation of one plane of atoms over another in a perfect lattice).
The observation that the load-displacement data indicates purely elastic behavior
before pop-in has been made and is shown in Fig. 4-2. Next a simple comparison of
the maximum shear stress under the indenter at the onset of pop-in and the theoretical
shear stress required to cause interatomic slip must be made. An estimate of the
maximum shear stress assuming the mat rial i i otropic and considering elastic
contact between a spherical tip and a flat surface can be made using Eqn. (2.6) from
Hertzian contact theory
(4.3)
where the reduced elastic modulu..c; (Er ) ww' considered equal to 125.5 GPa [1 j for
both faces. and the radius of the ph rical tip (R) is 270 nm. as estimated earlier.
Using the values in Table 4.3 for Pent one obtains T mar = 5.7 GPa for the 2n face
and T max = 5.9 GPa for the 0 face. A imple estimate of the theoretical shear str s
can be made using Eqn. (2.8)
G
Ttheo = 211" (4.4)
where the shear modulus (G) was consicl recl equal to 45.:3 GPa [18]. Therfore Ttheu
= 7.2 GPa and indicates agreement with the magnitude of the estimated maximum
shear stress under the indenter. It should be noted however that these calculations
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are a coarse approximation that indicate that it is reasonable to as urn that di lo-
cation nucleation is the cause of the onset of plasticity in this c e. Later a b tter
approximation based on the prediction of the active slip ystems and a calculation
of the critical resolved shear stress on these systems will be presented.
4.3.2 Repeatability
In Table 2.6 the critical load and depth of the occurrence of pop-in and th rang of
the critical load for several materials were presented. As can be seen the measured
range of the critic load was from a minimum of 8% for SiC [68] to a maximum of 77%
for Au [67]. The cause of this variability was attributed to numerous factors including
the topography of the sample surface, environmental conditions, indentation time and
velocity of engagement.
Care was taken t.o minimize the measured variability caused bv the abov -mentioned
factors. Each indentation was repeated approximately fifteen times u ing the identi-
cal procedure. To minimize the effects of variations in surface topography the region
to be indented was first scanned to confirm the presen e of a flat. area. If debri or
unusual surface roughness was ob erved the in lent I' was withdrawn and moved to
another region until a flat area was found. The environm ntat conditions w x not.
controlled. but the temperature and the relative humidity under the enclosure of the
instrument were measur d. The temp ratur w constant at 82°F after th warm up
of the in trument for about one hOUL and the relative humidity vari d from day 0
day from 6% to 299(. The loading rate was maint.ained constant at 100 /J.N/sec for all
indentations so that for the same elapsed time (measured from whcn t.he indent.ation
test started) the same load was applied. In addition. the time from whcn tIl surfac
was engaged to the start of the indentation was controlled and kept constant as well.
The velocity of engagement was kept as low as possible, 1 f-Lmf. ec, and was the same
for all indentations.
All the indentations of the polar faces were made using the abovc precaut.ions.
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P crit herit
f-tN Range % nm Range %
Zn face 150 ± 17 ± 11.3 16 ± 1 ± 6.2
o face 166 ± 30 ± 18.1 17 ± 3 ± 17.6
Table 4.4: Critical load and depth results for the two polar fac of ZnO
The range of critical values observed for pop-in are shown in Table 4.4. Comparing
the range of these results to the ones in Table 2.6, a better level of repeatability wa
reached.
4.3.3 Maximum Pressure (po)
where Po is the maximum pressur under the indenter. r is the radial coordinate and u.
is the radius of contact as shown in Fig. 4-9 and Fig. 4-10. The PeTtI can be expressed
as the integral of the pressure distribution ov r the contact ar a. viz.,
Perhaps a more appropriate measure of the onset of plasticity or pop-in is to use some
form of pressure, dividing the critical load by an area so as to obtain the state of tr
under the indenter. To determine this tate of stress, and then the re olved shear
stress on the various slip systems, the distribution of the applied load by the indenter
on the surface must be known. Consider again the contact between a non-rigid phere
and an elastic half-space as shown in Fig. 4-9. The Hertzian contact. theory can be
used to obtain the pressure distribution under t.he indenter. The pre me eli tribut.ion
propo ed by Hertz, which sati fie the boundary condition for disphcem llts withiu
the contact i lliptical and given as
{
2} 1/2



















Figure 4-9: Contact between a spherical indenter and an lastic half- pac
Po
GPa Range %
Zn face 16.9 ± 1.2 ± 7.1
o face 17.1 ± 2.0 ± 11.7
Table 4.5: Maximum pressure under the indenter at the onset of plasticit for the
two polar faces of ZnO
and the radius of contact a can be expressed as [531
a2 = Rhcrlt (4.7)
Vve can ther for characterize th onset of plasticity with the maximum pr ssW'
under the indenter Po which depends on both the critical load and d pth VIZ.,
3 Pcnl )Po=- (4.
2 7l'RhcrlL
Table 4.5 list the onset of pop-in in term of the maximum pr ure. discernible>
differences can be een between the two face and th variability drops to less than
12%. By considering the critical load and depth separat ly to charact rize the on et of









Figure 4-10: Elliptical pressure distribution due to the contact between a pherical
indenter and an elastic half-space evaluated by Hertz
This could account for the observed difference in the occurrence of pop-in li ted in
Table 4.4.
4.4 Investigation of the (1010) and (1120) Pris-
matic Planes of ZnO
In addition to the study performed on the (0001) and (0001) polar fa s the prismatic
planes (1010) and (1120) which are 90° apart w r al 0 studi d. Shown in Fig. 4-11
is the hexagonal geometry of ZnO and the three principal planes which have been
studied. Note that planes 60° apart are members of the arne family of planes du to
the six-fold symmetry [13]. Study on the (1010) and (1120) planes was necessary to
enable an estimate of the theoretical shear strength (and to estimate the active .lip
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Figure 4-12: Hardness versus contact depth for indentations on the two pri matic
planes (1010) and (1l20). As a comparison, indentatior on the O-terminat d fac
(0001) are also shown.
point.
The two prismatic faces did not exhibit di cernible differen 'es of hardlP s, but a
significant difference between the hardness m asured on the prismatic faces and th
polar faces was noticed. The hardn s for the prismatic faces was fOUIld to be 2.7
± 0.3 GPa when averaged over all the indentations performed 011 both fac s. TlJ
hardness results for both prismatic face' are summarized in Table 4.G. This value of
hardness is seen to be significantly smaller than the 5.3 ± 0.3 CPa at. approximately
125 nm: and 6.2 ± 0.4 CPa for depths of 1 - 60 nm found for the Zn and 0 faces.
Typical load-displacement curves 0 btailled for indentahon on t.he (10I 0), (1120)
and (0001) faces are hown in Fig. 4-13. The lower hardness which results for the
(j
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(1010) and (1120) planes can be seen.
4.4.2 Measured Elastic Modulus
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Figure 4-14: Compa.rison between th lashc modulus ohtain for th Zn and 0 face
and the pri matic faces
the prismatic face. The data for th (1010) and (1120) faces are cOllsidered tog th x
becau e they did not present. any significant difference in elast.ic mo lulns. The error
bars are again based on one standard deviation of about fift. en exp ximcnts per pint.
For the prismatic faces at a contact depth between 65 and 100 11m. E=114.4 ± 11.2
GPa. This value is in agreement with the reported elastiC' modulus for hulk ZnO, and
i the same order of magnitude for that of the polar faces. At a dept.h of approximately
190 11m the elastic modulu i een to deer ase to E=102.4 ± 9.3 GPa. The decrea.qe
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E (GPa)
Depth 18 run 65-100 run 125 run 190 nm Bulk [18]
Zn face 133.7 ± 10.3 116.0 ± 4.9
o face 153.9 ± 11.8 121.7 ± 5.0
Prismatic
114.4 ± 11.2 102.4 ± 9.3
Faces
ZnO 123.0
Table 4.7: Summary of the elastic modulus results for the (0001), (0001) (1010) and
(1120) faces and for bulk ZnO
of elastic modulus with increased contact depth was also observed for the polar fac
The elastic modulus results are summarized in Table 4.7. At contact depth gr ater
than 65 run, no significant differences in the elastic moduli measured for all the faces
were abserved.
4.4.3 Observation of Pop-in
In all the experiments performed, pop-in was observed. For some indentation two
pop-in events at different loads were observed as shown in the load-displac ment curve
of Fig. 4-15. This behavior was only observed on the prismatic face. The pop-in
depth for all the principal plane indented has been rep rt d ill Table 4. , wh r
for th multiple pop-in ev nt (prismati plan ) th pop-in depths had b en added
together. As can be seen the pop-in depth during ind ntations on the prismati plan s
is more than double and with greater variability wh II compared to indentations on
the basal planes. The critical load for the first pop-in was found to differ for ea.ch of
the face, where Perit = 146 ± 23 p,N at a depth of 22 ± 6 nm for the (l010) face, and
Pcrit = 181 ± 37 p, at a depth of 27 ± 5 11m for (1120) face. The maximum I ad under
the indenter Po was found to be 13.3 ± 2. GPa for (1010) face and 12.0 ± 3.2 CPa
for (1120) face. The variability in mea.' urern nt on the pri matic faces was found
to be higher than on the polar faces. de pite the fact that the .arne procedure was
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Figure 4-15: Load-displacement curve showing the occurence of 2 pop-in events at
different loads. This indentation was made on (1010) face.
account for this (Ji.r·ms = 0.2 - 0.3 nm for the polar fac vs. Rrms = approximat ly
1.0 run for the prismatic faces). Tabl 4.9 summariz s th values obtained for critical
load (Pcrid, depth (hcrid and maximum pressur und r th indent r (Po) for all fa' s
investigated.
Pop-in Depth (nm)
Zn face 3.31 ± 0.50
o face 2.29 ± 0.60
(10lD) face 7.60 ± 2.13
(1120) face 7.56 ± 2.01
Tab1 4.8: Pop-in depth for all the principal planes indented
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P erit (J.LN) hait (nm) Po (GPa)
Zn face 150 ± 17 16 ± 1 16.9 ± 1.2
o face 166 ± 30 17 ± 3 17.1 ± 2.0
(1010) face 146 ± 23 22 ± 6 13.3 ± 2.8
(1120) face 181 ± 37 27 ± 5 12.0 ± 3.2
Table 4.9: Pop-in results for the principal planes of ZnO
4.5 Critical Resolved Shear Stresses at the Onset
of Plasticity
In this section, the results obtained for the conditions at the onset of plasticity will
be used to estimate the active slip systems and their critical resolved shear stress
at pop-in. ZnO has a wurtzite structure, and as reported by Das [37] in a study
on CdS (also with a wurtzite structure) five possible slip ystems can be identifi d:
(0001)[1120]' (0001)[1010], (1010)[1210], (1210)[1010], and (1010)[0001]. For each of
these slip systems the maximum resolved shear stress must be valuated.
The assumptions made during the following calculation are: 1) the indenter is
spherical with radius 270 nm, 2) an elliptical load resulting from Hertzian theory
is applied on the undeformed urface, 3) th mat rial is per£ ctly lasti and 4) th
material i isotropic. A model which consider th material tran vers ly isotropic fol-
lowing the work of Dahan [160] i currently under dev lopm nt in our r s arch gr up
and was used to calculate the resolved shear stresses at pop-in du _ t ind ntation
on the polar faces. A comparison between i otropic and transversely isotropic model
results showed a difference of 2% on th basal slip ystems and 25% on the prismatic
slip systems.
To determine the resolved shear stre on a slip system, the stat of stress und r
the indenter must be calculated. The state of stress on an elastic half-space due to a
load perpendicular to the surface can b obtained using the approach of Boussint'Sq
[52][53]. The geometry for this problem is shown in Fig. 4-16. The solution in










Figure 4-16: Geometry considered in the Boussinesq problem. A(x,y,z) is a aJ















In the Hertzian problem the distribution of load on the ela.stic half-space \I
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r
to be elliptical (Fig 4.5). The load applied in Cartesian coordinat then
(4.12)
for -a ~ Xl ~ a and -a ~ yl ~ a, where Po is the maximum pressur und r
the indenter. Thus the components of stress under the indenter can b found by
integrating Eqn. (4.9) over the area of contact, a circle of radius a, viz.
j
a j,;o:r::xI
aij(x,y,z) = . p(xl,yl)a;j(x y,z)dy'dx'
-a -,;o:r::xI (4.13)
where the Xl and yl indicate the coordinates of the load, and X, y and z indicate the
coordinates of an arbitrary point within the elastic half- pace. In the pre ent work
the integral in Eqn. (4.13) has been evaluated numerically.
Once the state of stress is known the resolved h ar tre ,TT> on any slip plane
with normal T/. and slip direction s can be determined by summing the contribution
from all components of stress, aij, i.e.
(4.14)
where Cij are the Schmid factor
(4.15)
Consider the following example for determining the Schmid factors for iudentation on
the (1120) face and for the lip sy tern of (1210)[1010] as shown ill Fig 4-17. For this
case s i 30° clockwise from the z axi and perpendicular to x. and 1/. is 30° clockwise
from the y axis and perpendicular to x. Then.















Figure 4-17: Slip plane normal n and slip direction S for an indentation on the (1120)
face and a (1210)[1010] slip system
o ., Sy = in30° = ~ . s- = c05300 = J3
2' - 2











- (nIs y + TlysJ:) = 0
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1
:2 (uxs z + 1l.z sJ:) = 0
1 1
:2 (Tlys= + n=8y) = :4
(4.17)
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The resolved shear stresses were obtained using th mean valu of Po in 'I bl 4.9













































Figure 4-18: Maximum resolved shear tre on the five possible lip systems for
indentation on all the faces indent d: Zn, 0, (1010), and (1120)
versus the five most likely slip ystems have b -en, hown. How this figure should b
analyzed will be explained by considering the (1010) [1210] slip. y tern as an eX'lmple.
For indentations on the Zn fac the maximum pressure under the ind nter was 16.9
CPa (mean value) which resulted in a maximum rc olv d shear stress of about 1 CPa
on the slip system considered. This value could be, at a maximum: equal to the
critical resolved shear str s if this lip system wa,,, activated during illdcntation 011
the Zn face. What can be observed however is that for indentations on the (1120) face
the maximum resolved shear stress wa calculated to be approximately 8 CPa. This
implies that during indentation 011 the Zll. °alld (1010) faces: where the maximum
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resolved shear stress was fOWld to be les the 8 GPa the (1010)[1210] lip tern
was not active (since we assume that a given slip sy tern should have oni one critical
resolved shear stress). In addition the critical resolved shear stress for th (1010)[1210]
slip system must be equal to or greater than 8 GPa.
Analyzing the entire Fig. 4-18 it can be seen that for the (0001)[1010] and
(1010)[0001] slip systems, for the indentations on all the faces a constant maximum
of about 4 GPa is reached. The indentations on the (1l20) face showed that on the
(1010)[1210], (0001)[1l20], and (1210)[1010] slip systems a lower bound for th criti-
cal resolved shear stress is about 8 GPa. It was then concluded that for indentation on
the Zn, 0 and (1010) faces the active slip system could be either the basal (0001) [1010]
or the prismatic (1010)[0001] slip system if not both, with a critical resolved shear
stress of approximately 4 GPa.
4.6 Minor Studies
Several minor studies were performed using nanoindentation on ZnO. Th e tudi
included: 1) mechanically polished ZnO, 2) etched ZnO and 3) ZnO expo ed to UV
light. The purpose of these minor st.udie was to identify fertile al' as for futur work,
and to allow for some basic comparisons to the main study und Itaken.
4.6.1 Indentation of Mechanically Polished ZnO
A set of ZnO wafers were prepared by mechanical polishing to enaLl a omparison
with the chemomechanically polished urfaces of the main study. The surfaces w re
polished with a 1 11m diamond abrasive/de-ionized IhO slurry. Indent tions were per-
formed only on the Zn face. Figure 4-19 show a comparison of the load-displacement
curves obtained for chemomechanically poli hed and m chanically polished Zn fac,
surfaces. The main differences betwe n the two surfac s are the pop-in and he pen-



















I' igUl (' -1 U: .. ad-dispi; (P 1 l'1l1 'UI VI for <l IH'( k IOlld ( f ;j )() 111
U('(' of pop ill f(,1' ( tli 110m '( hdlli al1\ pol I "( lIrf I 0 'IJld till
m h Ii 11 I ,Ii. I d Irfd P.
pll -
r I
'111, fa t thai pllp-1I1 1 [>fI 10111 fnf I b(' il d(lItlll lOll lit I Ill' c11l'1I1111I11°cl1'lIlicall pI I
isl1l'd til facf' l)lIt IIlit for t II( 1111 dWllici lIy plliL lH'd III ftll'P i ill agl/ II ('III wit 11 a
I' t' nt t ud ( Ilellle!
lie d fl rlllllt I 111 l!l 'lint d fllllll I hI
I tll1J rtil'(I11 ' Hlld IIII' 'IJ nil ,til\' p ,Ii Itl' I
il Wd f'llllld I bat fill I hI' III >1 hall(I 01) t 111lg t I'n
ically poE
l)('giulIiug ImU rv to hp ('11 101 lil';tll) p Ii Ilf'd It'l'jlll( II wit 'I "f(jlllldtillll WII
imil r I
purl I la ic ulltil tl fer
ill d P h Wi! Ilt lid
L >' nd 'IIi h cI mId n 10 Tl, t
ehallicallv puli. h d UI flle 'hibit 'd !liP 1)1 1'm lIf'nt d form iOll UII llnloil(lill r whill'
thp cl!('100IlH'c!I,lIlicall ' poli }1I d urfac(' ) ,b' vcd p 11' ,I (·In.",1 if all '. '1 Ii i. howlI in
7V
po





100 C emomechanic I Polish
ch c Pol h
80








gllf 1-20: LlJad-di pi I II It'll! I III , I'OJ a pl', I- lual 01 llll II' It till
1,1" til' Il'li, vi'lr of th IWIll JIll (h,U1illlllv pol' hed u I WI (11lll t hI' (I. to II-
hn 'illr "I' I hp II I'chaIlw<dI ' {>oli h« III 1,1( I.
'IlIi \', nut tlH' I.<S(' fflr th· Iud\' II IIdu('\l'c! by Ii', IwrH. 'I hi puint lIl'l·d fllltllPl
Iud '.
c ) b ,I'l Il ill • 19. 1-11
poli )H'd surface iwliraliIlg ti high!>l hanIw' s. ' II<' hardu ·ss for till' Ill( chaJll 'i1 Ij
})( Ii he d . nrf
.6.2 .A:..l.l'-.lOVn a ion of .Jt h d Zn
Thl' Zn facl' wa ·telll'd tl jng 11(' JH(H ('<IurP pH viOll I - dL nib ·d 11\ hapl!'! ~~. und
lli:lllUillCl 'Ill a ion wa pl'rforJII 'd 0 obt <lill a IllJllrMI i 11Il wit h t hI' ch, 1II011lP 'hdJli( all\'
o
I"""""
H (CPa) E (GPa)
Etched Zn Face 5.6 ± 0.4 120.1 ± 6.2
Chemomechanically
6.2 ± 0.4 133.7 ± 10.3
polished Zn Face
P crit (flN) hcrit (nm) Po (CPa)
Etched Zn Face 126 ± 18 15 ± 1 15.2 ± 1.1
Chemomechanically
150 ± 17 16 ± 1 16.9 ± 1.2polished Zn Face
Table 4.10: Indentation results for etched and chemomechanically polished Zn ur-
faces
polished surface results. The results obtained from this study are summarized in
Table 4.10. These results are for a peak load of 200 flN, corresponding to a depth
of 25 nm. Minimal differences in H and E were observed between the etched and
polished surfaces.
4.6.3 Indentation of the Zn Face while Exposed to UV Light
In this study a lamp producing UV light at 254 nrn was used. The lamp operat on
115 Volts, 60 Hz and 0.16 Amps. The study was divided into two different exp ri-
ment . In the first experiment indentations were p rform d und r V light. In th-
econd experiment, the sample was expo ed to UV light for 1 hours in a hamb r
purged with nitrogen before an indentation was performed in darknes . Both studi s
were limited to the Zn face only.
The first experiment was motivated by th re ults r port d by Carlsson [3 1on the
influence of light on dislocation mobility in ZnO. Carlsson argued that ahove band-
gap light was able to prohibit dislocation motion on the basal plane by increasing
the shear stress needed to mov dislocations but that it did not. have any influenC'e
on di location motion on pri. matic planes. Recall from an earlier section that the
two slip planes predicted are: 1) basal slip y .. tern (0001)[10101 and 2) prismatiC'
slip system (1010)[0001]. The results obtained for the experiment performed under
1
P crit (J.LN) hcrit (nm) Po (GPa)
Zn face under UV light 178 16 19.7
Zn face in darkness 150 ± 17 16 ± 1 16.9 ± 1.2
Table 4.11: Indentation results performed under UV light and in darkn for a Zn
surface
UV light did not exclude either one of the two slip systems as being active. In fact
some indentations with loads as high as 500 J.LN did not exhibit pop-in, but t,his thi
was not repeatable in that some did exhibit pop-in. The results in terms of pop-
in for those indentations where it occurred are shown in Table 4.11. The standard
deviations for these results were not evaluated due to the few indentations performed.
During this experiment two main problems were faced. First, the set-up of the lamp
under the instrument enclosure did not guarantee that light was properly illuminating
the surface. Secondly, there was significant noise introduced on the load-di placem nt
curve as shown in Fig. 4-21, which had a frequency of about 60 Hz which i consi t nt
with that used by the lamp.
The second experiment was characterized by an intere ting phenomenon. th
growth of "bumps" on the surface as can be seen in Fig. 4-22. With the pre ence of
the e bumps it was harder to find a flat region and this was wor t with th in r ase
of time of exposure of the sample to UV light. As are ult no further nanoindentation
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Figure 4-22: Topography of th Zn urface of ZnO b fore (above) a.nd after (\lIlder)
the expo ure of UV light for 1 hour
Chapter 5
Conclusions
The principal planes of single crystal ZnO prepared by chemomechanical polishing
have been investigated by nanoindentation. These included the (0001) (0001), (1010)
and (H20) planes.
Findings indicate no measurable difference in hardnes between the Zn and 0 fac .
The measured hardness was found to be 5.3 ± 0.3 GPa at approximately 125 nm,
and 6.2 ± 0.4 GPa for depths of approximately 18 - 60 nm. A pIau ible explanation
of why no difference between the two faces was ob erv d is that at. t.he d pt.h seal
inv tigat d the di locations generated during t.he ons t of plasticity do n tint ract.
with each other. This may be due to only a £ w dislocations bing g n rat d or may
be because the dislocations move on only one lip system and th I' for are parall I
to each other. However. a difference in hardnes was found b tw en indentation on
the basal faces and indentation on prismatic faces. Th m asur d hardness of th
prismatic faces was found to be 2.7 ± 0.3 GPa. thu the hardn s of the prismatic
faces is lower than the basal face .
The elastic modulus for the deepest indentations (hc=125 nm) performed on both
the polar faces did not present discernible differen es. 116.0 ± 4.9 GPa for the Zn face
and 121.7 ± 5.0 GPa for the 0 face. and measured value' were in agr ement with
the reported bulk elastic modulu of 123.0 GPa. The clastiC' modulus for shallow
;cq
..
indentations (hc=18 nm) exhibited a difference between the two fac where for the
Zn face E=133.7 ± 10.3 GPa and for the 0 face E=153.9 ± 11. GPa. A plausible
explanation regarding the observed difference in elastic modulus b tw n the polar
faces at shallow indentation depths could be differences in stoichiometry, bonding
or simply the difference in atomic arrangement of the two surfac as a result of
reconstruction and relaxation. No definitive explanation however can be given with
the available understanding of the surface compositions.
Chemomechanically polished surfaces exhibited purely elastic behavior until th
onset of plasticity at pop-in. Pop-in was attributed to dislocation nucleation and
was characterized by the maximum pressure under the indenter (Po). No measurable
difference in Po was found between the two polar faces. The onset of pop-in was found
to be highly repeatable.
A calculation of the critical resolved shear stress was made based on a prediction
of the possibly active slip systems. To determine the critical resolved h ar tress
the pop-in data for indentations on the polar (0001), (0001) and pri matic (1010)
(1120) planes were used. Results indicate that the (0001)[1010] and/or (1010)[0001]
sy tems were responsible for lip at pop-in with a critical r solv d sh a.r t.ress of
about 4 CPa. In addition, the indentations on the (1120) face showed tho t on the
(1010)[1210]. (0001)[1120] and (1210)[1010] slip ystems, th riti 1 r solv d shear
stre was e timated to have a lower bound of GPa.
Minor studie investigating mechanically polished and et h d Zn surfac s. and
the influence of UV light on th surface mechanical prop rti . of ZnO have also beell
performed. Surfaces which had been m chanically polish d did not xhibit. pop-in and
had a higher hardness than tho e which had been chemomechanically polished. 0
discernible differences in elastic modulus wa.c; found between the mechallically polished
and chemomechani.cally polished surfaces. Due to several experimental difficulties the




[1] V. Srikant and D. n.. Clarke. On the optical band gap of zinc oxide. Journal of
Applied Physics, 83(10):5447-5451, 1998.
[21 R. Ahuja, 1. Fast, O. Eriksson, J. M. Wills, and B. Johansson. Elastic and high
pressure properties of ZnO. Journal of Applied Physics, 83:8065-8067, 199 .
[3] X. W. Sun and H. S. Kwok. Optical propertie of epitaxially grown zinc ox-
ide films on sapphire by pulsed laser deposition. Journal of Appli d Phy ic ,
86(1):408-411 1999.
[4] D. C. Look. Recent advances in ZnO materials and device. Materials Science
and Engineering B, 80:383-387, 2001.
[51 S. Choopun, R. D. Vi pute, W. och A. Balsamo, R. P. 'harma, T. Venkat.esan,
A. Iliadis, and D. C. Look. Oxygen pre sure-tuned epitaxy and opto 1 ctroni
propertie of laser-depo ited ZnO films on sapphir. Applied Physics L tters
75:3947-3949, 1999.
[6] D. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao ~L Y. Shen, and T. Goto. High
temperature excitonic timulated emission from ZnO epitaxial lay rs. Applied
Physics Letters, 73(8): 1038-1040. 1998.
[7] D. M. Bagnall, Y. F. Chen, Z. Zhu T. Yao. S. Koyama, M. Y. Shen, and
T. Goto. Optically pumped lasing of ZnO at room temperature. Applied Physics
Letters, 70:2230-2232 1997.
7
[8] Z. K. Tang G. K. L. Wong P. Yu, . Kawasaki A.Ohtomo H. Koinuma and
Y. Segawa. Room-temperature ultraviolet laser emission from el£- embl d
ZnO microcrystallite thin fihns. Applied Physics Letter, 72:3270-3272 199 .
[9] S. Chang, N. B. Rex, R. K. Chang G. Chong, and L. J. Guido. Stimulated
emission and lasing in whispering-gallery modes of G
Applied Physics Letters, 75:166-168, 1999.
microclisk caviti .
[10] Y. Chen, D. M. Bagnall, H. Koh K. Park K. Hiraga, Z. Zhu, and T. Yao.
Plasma assisted molecular beam epitaxy of ZnO on c-plane sapphire: Growth
and characterization. Journal of Applied Physics 84(7):3912-391 199 .
. [11] A. Yamamoto, T. Kido, T. Goto, Y. Chen, T. Yao, and A. Kasuya. Dynamics
of photoexcited carriers in ZnO epitaxial thin films. Applied Phys'lcs L tters
75(4):469-471, 1999.
[12] '1. Neuberger. II-VI semiconducting compounds data tables. Technical Re-
port AD 698 341, Electronic Properties Information Center, Hugh Aircraft
Company, Culver City, California, October 1969.
[13] V. E. Henrich, H. J. Zeiger, E. 1. Solomon, and R. R. Gay. Explanation of the
6-fold LEED patterns from polar (0001) and (OOOlbar) ZnO surfac.es. Surface
Science. 74:682-683, 1978.
[14] H. Karzel, W. Potzel, M. Kofferlein. W. Schie s1. M. Steiner, U. Hill r, G. 1.
Kalviu . D. W. Mitchell, T. P. Das. P. Blaha, K. Schwarz, and M. P. Pasternak.
Lattice dynamics and hyp rfin interaction in ZnO and ZnSe at high external
pressures. Physical Review B. 53:11425-11438,1996.
[15] M. D. Drory, J. vV. Ager III, T. Suski. 1. Grzegory, and . Porowski. Hardness
and fracture toughness of bulk ingle crys al gallium nitride. Applied Physics
Letters, 69(26):4044-4046, 1996.
[16] Y. S. Park, C. W. Litton, T. C. Collins, and D. . Revnolds. Ex i on p rum
of ZnO. Physical Review, 143:512-519 1966.
[17] V. F. Petrenko and R. W. Whitworth. Charged dislocations and the plastic
deformation of II-VI compounds. Philo ophical Magazine A 41(5):681-1399,
1980.
[18J G. Simmons and H. Wang. Single Crystal Elastic Constant and Calculat d
Aggregate Properties: a Handbook. The M.LT. Press, London 1971.
[19J T. B. Bateman. Elastic moduli of single-crystal zinc oxide. Journal of Applied
Physics, 33:3309-3312, 1962.
[20] 1. B. Kobiakov. Elastic, piezoelectric and dielectric properties of ZnO and CdS
single crystals in a wide range of temperatures. Solid State Communications,
35:305-310 1980.
[21] J. E. Jaffe and A. C. Hess. Hartree-fock study of phase changes in ZnO at high
pressure. Physical Review B, 48:7903-7909, 1993.
[22] A. . Mariano and R. E. Hanneman. Crystallographic polarity of ZnO crystals.
Journal of Applied Physics. 34:384-388, 1963.
[23] S. C. Chang and P. Mark. The crystallography of the polar (0001) Zn and
(OOOlbar) 0 surfaces of zinc oxid . Surface Science, 46:293-300, 1974.
[24] M. Galeotti, A. Atrei. U. Bardi, G. Rovida. ?vI. Torrini, E. Zanazzi, A. Sall-
tucci, and A. Klimov. Stru ture of the ZnO(0001) surface studied by x-ray
photoelectron diffraction. Chemical Phys'ics Letter, 222:349-352. 1994.
[25] T. Ohni hi, A. Ohtomo, :vI. Kawasaki. K. Takahashi, M. Yoshimoto, and
H. Koinuma. Determination of urface polarity of c-axis oriented ZnO films
by coaxial impact-collision ion scattering spectroscopy. A]Jplied Physics Let-
ters, 72:824- 26, 199 .
9
[26] H. C. Gatos and M. C. Lavine. Etching and inhibition of th (111) urf
of the 111-V intermetallic compoWlds: InSb. Journal of Physical and Chemical
Solids, 14:169-174, 1960.
[27] T. Matsuoka, N. Yoshimoto, T. Sasaki, and A. Katsui. Wide-gap semiconduc-
tor InGa and InGaAIN grown by MOVPE. Journal of Electronic Material
21:157-163, 1992.
[28] D. C. Reynolds and S. J. Czyzak. Dislocations in two types of CdS cry tals.
Journal of Applied Physics, 31:94-98, 1960.
[29] J. L. Weyher, P. D. Brown, J. 1. Rouviere T. Wosinski, A. R. A. Zauner, and
I. Grzegory. Recent advances in defect-selective etching of GaN. Journal of
Crystal Growth, 210: 151-156, 2000.
[30] M. J. Suscavage, D. F. JR. Ryder, and P. W. Yip. A study of the surfac
morphological features of the polar faces of ZnO by atomic force microscopy
(AFM) methods and AIN thin films deposited on ZnO polar fac by PLD.
Materials Research Society Symposium Proceedings. 449:2 3-2 ,1997.
[31] R. E. Sh rriff, D. C. Reynolds, D. C. Look, B. Jogai, J. E. Ho lsch r, T.
Collins. G. Cantwell, and W. C. Harsch. Photoluminescence m asurem nts from
the two polar face of ZnO. Journal of Applied Phy ics, :3454-3457, 2000.
[32] D. A. Lucca. D. W. Hamby, rvI. J. Klopfstein. G. Cantwell, C. J. Wetteland,
J. R. Tesmer. and ?vI. Nastasi. Effects of polishing on the photolumiucscenc of
single crystal ZnO. Annals of the CIRP, 57:397-400, 2001.
[33] D. KohL M. Henzler: and G. Heiland. Lo\\' temperature sublimation processes
from clean cleaved polar surfaces of zinc oxide crystals during first heating.
Surface Science, 41:403-411, 1974.
90
[34] G. Heiland and P. Kunstmann. Polar surfaces of zin oxide c also Sur}
Science, 13:72-84, 1969.
[35] Y. A. Osip'yan and r. S. Smirnova. Perfect dislocations in the wurtzite lattic .
Physica Status Solidi, 30:19-29, 1968.
[36] Y. A. Osipyan and I. S. Smirnova. Partial dislocations in the wurtzite latti e.
Journal of Physics and Chemistry of Solids 32:1521-1530, 1971.
[37] N. Das and M. Weinstein. Crystal imperfections in vapor-grown CdS. In D. G.
Thomas, editor, II- VI Semiconducting Compounds International Conference,
pages 147-166. W. A. Benjamin, Inc. 1967.
[38] 1. Carlsson. Orientation and temperature dependence of the photoplastic effect
ill ZnO. Journal of Applied Physics, 42:676-680, 1971.
[39] N. Y. Gorid ko, P. P. Kuz'menko, and N. N. Novikov. The change of m chanical
properties of germanium with changing concentration of current carriers. Soviet
Physics - Solid State, 3(12):2652-2656, 1962.
[40] W. Shockley. Dislocations and edg state in diamond crystal structur . Physical
Review, 91:228, 1953.
[41] Yu. A. Osip'yan and 1. B. Savchenko. Exp rim ntal observation of th influence
of light on plastic deformation of cadmium sulfide. ZhETF Pis 'rna, 7: 130-134,
1968.
[42] V. F. Petrenko N. N. Khusnatdinov. and 1. Baker. Effect. of x radiation on
the plastic deformation of II-VI compounds. Physical Review B. 53(23):15401-
15403. 1996.
[43] V. rvI. Beilin and Y. K. Vekilov. Influence of the internal photoeffect on the
microhardness of Ge and Si. Soviet Phy ics - Solid State, 5(8):2372-2374. 1963.
91
[44] D. A. Lucca, E. Brinksmeier, and G. Goch. Progress in asseS£ing
subsurface integrity. Annals of the CIR?, 47:669-693 199
urf e and
[45] B. Bhushan. Nanomechanical properties of solid surfaces and thin films. In
Handbook of Micro/Nanotribology, pages 321-396. CRC Press Inc., 1995.
[46] G.E. Dieter. Mechanical Jvletallurgy. McGraw-Hill, Bo ton, 19 6.
[47] J. 1. Loubet J. M. Georges O. Marchesini and G. Meille. Vick rs ind ntation
curves of magnesium oxide (MgO). Journal of Tribology, 106:43-48, 19 4.
[48] M. F. Doerner and W. D. Nix. A method for interpreting the data from depth-
sensing indentation instruments. Journal of Materials Research, 1:601-609,
1986.
[49] S. V. Hainsworth, H. W. Chandler, and T. F. Page. Analysis of nanoindentation
load-displacement loading curves. Journal of Materials Re eareh, 11, 1996.
[50] W. C. Oliver and G. M. Pharr. An improved technique for determining hard-
ness and elastic modulus using load and displac m nt nsing ind ntahon ex-
periment . Journal of Materials Res arch, 7:1564-1583, 1992.
[51] J. vVoirgard and J-c. Dargenton. An alternative method for p netration d pth
determination in nanoindentation measurements. Matertals Res ardt Society,
12:2455-2458, 1997.
[52] F. F. Ling, Vo/. M. Lai, and D. A. Lucca. Fundamentals of Surface Mechanic
with Applications. Springer-Verlag. New York. to appear.
[53] K. 1. Johnson. Contact lvfechanic.·. Cambridge University Press, Cambridge,
19 5.
[54] A. E. H. Love. Boussinesq's prabl m for a rigid COlle. Q'uart rly Journal of
Mathematics (Oxford). 10:161-175. 1939.
92
[55] 1. N. Sneddon. The relation between load and penetration in th axi rom n
boussinesq problem for a punch of arbitrary profile. International Journal of
Engineering Science, 3:47-57, 1965.
[56] D. Tabor. A simple theory of static and dynamic hardnes . Proceeding of the
Royal Society A, page 247, 1948.
[57] N. A. Stillwell and D. Tabor. Elastic recovery of conical indentations. Proceed-
ings of the Royal Society, 78: 169-179, 1961.
[58] R. B. King. Elastic analysis of some punch problems for a layered medium.
International Journal of Solids Structures, 23(12):1657-1664, 1987.
[59] J. B. Pethica, R. Hutchings, and W. C. Oliver. Hardness measurement at
penetration depths as small as 20 nm. Philosophical Magazine A, 48:593-606,
1983.
[60] L. E. Seitzman. Mechanical properties from instrumented indentation: Uncer-
tainties due to tip-shape correction. Journal of A1aterials Research, 13:2936-
2944, 199 .
[61] J. Woirgard and J. C. Darg nton. A new proposal for design of high-accuracy
nano-indenter . Measurement Science and Technology, 6:16-21, 1995.
[62] Y. Sun. S. Zheng. T. Bell, and J. Smith. Indenter tip radius and load fram com-
pliance calibration using nanoind ntation loading curv . Philosophical Maga-
zine Letters, 79:649-658, 1999.
[63] T. Bao, Jr. P. W. Morrison, and \;V. Woyczynski. AFM nanoindentation as
a method to determine microhardnes of hard thin films. Materials ReseaTch
Society Symposium Proceedings. 517:395-400: 1998.
93
[64] Y. Y. Lim M. M. Chaudhri and Y. Enomoto. Accurat determin ion f h
mechanical properties of thin aluminum .films deposited on sapphire flat usmg
nanoindentations. Journal of Materials Research, 14:2314-2327, 1999.
[65] T. Y. Tsui and G. M. Pharr. Substrate effects on nanoindentation m chani al
property measurment of soft films on hard substrate. Journal of Material
Research, 14:292-301, 1999.
[66] J. D. Kiely, K. F. Jarausch, J. E. Houston, and P. E. Russell. Initial stag
of yield in nanoindentation. Journal of Materials Research, 14(6):2219-2227,
1999.
[67] N. Gane and P. Bowden. Microdeformation of solids. Journal of Applied
Physics, 39:1432-1435, 1968.
[68] T. F. Page, W. C. Oliver, and C. J. McHargue. The deformation behavior
of ceramic crystals subjected to very low load (nano)indentations. Journal of
Materials Research, 7:450-473, 1992.
[69] W. W. Gerberich, J. C. Nelon E. T. Lilleodden, P. And rson and J. T.
Wyrobek. Indentation induced di location nuel ation: The initial yield point.
Acta Materiala, 44:3585-3598, 1996.
[70] D. F. Bahr, D. E. Kramer, and W. W. G rberich. Non-lin ar d formation
mechanisms during nanoindentation. Acta Materiala, 46:3605-3617, 1998.
[71] D. F. Bahr, D. E. Wil on, and D. A. Crow on. Energy consid rations r garding
yield points during indentation. Journal of Materials Resear'ch, 14(6):2269
2275. 1999.
[72] S. Koubaiti, J. J. Couderc C. Levade. and G. Vander chaeve. Vickers indenta-
tion on the (001) faces of ZnS sphalerite under V illumination and in darkness.
94
Crack patterns and rosette micros ructure. Acta Material'a 4: ( ):3 7 329l.
1996.
[73] K. Maeda O. Ueda, Y. Murayama, and K. Sakamoto. M chanical prop rti
and photomechanical effect in GaP single cry tals. Journal of Phy ical and
Chemical Solids, 38:1173-1179, 1977.
[74] R. Nowak, M. Pessa, M. Suganuma, M. Leszczynski r. Grzegory, S. Porowski,
and F. Yoshida. Elastic and plastic properties of GaN determined by nano-
indentation of bulk crystal. Applied Physics Letters, 75:2070-2072, 1999.
[75] R. Nowak, F. Yoshida, J. Morgiel, and B. Major. Po tdepo ition relaxation of
internal stress in sputter-grown thin films caused by ion bombardment. Journal
of Applied Physics, 85:841-852, 1999.
[76] S. O. Kucheyev J. E. Bradby, J. S. Williams, C. Jagadish M. Toth, tv!. R.
Phillips, and M. V. Swain. Nanoindentation of epitaxial GaN films. Applied
Physics Letters, 77:3373-3375, 2000.
[77] G. Yu, H. Ishikawa, T. Egawa T. oga, J. Watanabe, T. Jimb ,and M. Urn no.
IVlechanical properti of th GaN thin films deposited on sapphire substrat .
Journal of Cry tal Growth, 189/190:701-705, 199
[7 ] 1. J. McColm. Ceramic Hardne s. Plenum Pr ss, ew York, 1990.
[79] M. S. Bobji and S. K. Biswas. Deconvolutioll of hardness from dat.a ob-
tained from nanoindentation of rough surfaces. Journal of Materials Resoor'ch,
14:2259-2268, 1999.
[80] K. Miyahara, S. :\1atsuoka. and N. 'agashima. T;:moindentation mew uremcnt
for a tungsten (001) single crystal. JSME Internat'ional Journal A, 41(4):562-
568, 1998.
95
[81] S. G. Roberts. Hardness anisotropy and polarity in indium antimonide. Philo-
sophical Magazine B, 53:37-45, 1986.
[82] P. B. Hirsch, P. Pirouz, S. G. Roberts and P. D. Warren. Indentation plasticit
and polarity of hardness on (111) faces of GaAs. Philo ophical Magazine B,
52(3):759-784, 1985.
[83] X.-J. Ning, N. Huvey, and P. Pirouz. Dislocation cores and hardness polarity
of 4H-SiC. Journal of American Ceramic Society, 80(7):1645~1652, 1997.
[84] H. Gottschalk, G. Patzer, and H. Alexander. Stacking fault energy and ionicity
of cubic III-V compounds. Physica Status Solidi 45:207-217 197 .
[85] S. Takeuchi, K. Suzuki, K. Maeda, and H. Iwanaga. Stacking-fault energy of
II-VI compounds. Philosophical Magazine A, 50: 171-178, 1984.
[ 6] A. George and J. Rabier. Dislocations and plasticity in -. miconductors. I -
dislocation structures and dynamics. Review of Physics Applications, 22:941-
966, 1987.
[ 7] J. D. Kiely and J. E. Houston. anom chanical prop rties of Au (111), (001),
and (110) surfaces. Physical Review B, 57:588-594. 1998.
[ ] Y. . Boyarskaya, D. Z. Grebko, and E. 1. Puri 'h. Anomali in the Kn p
microhardness anistropy of crystals. Journal of Materials Sc-ience, 14:737-741
1979.
[89] C. A. Brooke, R. P. Burmand. and J. E. Morgan. Anistropy and ind nt.ation
creep in crystals with the rocksalt structure. JOUTiW[ of Mate7"ials Science,
10:2171-2177, 1975.
[90] :~vI. J. Paterson. P. J. K. Paterson. and B. Ben-Ni san. The dependence of
structural and m chanical properti s on film thickness in sol-g I zirconia films.
Journal of Matenals Research. 13:3 ~-395-. 199
96
[91] A. O. Olofinjana, J. M. Bell, and A. K. Jamting. Evaluation of the m chan-
ical properties of sol-gel-deposited titania films using ultra-micro-indentati n
method. Wear, 241:174-179, 2000.
[92] C. M. Chan, G. Z. Cao, H. Fong, M. Sarikaya T. Robinson, and L. N lson.
Nanoindentation and adhesion of sol-gel-derived hard coatings on poly ter.
Journal of Materials Research, 15:148-154, 2000.
[93] E. Lugscheider, C. Barimani, and M. Lake. Mechanical propertie of Ti(C,N)
and TiN thin films on cutting tools measured by nanoindentation. Material
Research Society Symposium Proceedings 522:311-316 1998.
[94] Y. Shima, H. Hasuyama, T. Kondoh, Y. Imaoka, T. Watari, K. Baba, and
R. Hatada. Mechanical properties of silicon oxynitride thin film prepared by
low energy ion beam assisted deposition. Nuclear Instruments and Methods in
Physics Research B, 148:599-603, 1999.
[95] O. R. Shojaei and A. Karimi. Compari on of mechanical properties of Ti thin
films using nanoindentation and bulge test. Thin Solid Films, 332:202-20
199 .
[96] P. Torri, J.-P. Hirvonen, H. Kung, Y-G Lu, M. astasi, and P. . Gibson.
Mechanical properties, tress evolution and high-t meprature thermal stability
of nanolayered Mo-Si-N/SiC thin films. Jo'urnalof Vacuum Science. Technology
B, 17: 1329-1335, 1999.
[97] 1. Karlsson, L. Hultman, .1. P, Johansson, J.-E, Sundgren, and H, Ljungcrantz.
Growth, microstructure, and mechanical propertie. of arc evaporated TiCxN1- x
(O<=x<=l) film. Surface and Coatings Technology, 126:1-14: 2000.
[98] L. Karl son. L. Hultman. and J .-E. Sundgren. Influence of residual stresses on
the mechanical propertie of TiCxN1_ r (x=O. 0.15, 0.45) thin films deposited
by arc evaporation. Thin Solid Films. 371: 167-177. 2000.
97
[99] E. Kusano M. Kitagawa H. Nanto and A. Kinbara. Hardn enhancem nt
by compositionally modulated structure of Ti/Ti multila er films. Jou.rnal of
Vacuum Sicence Technology A, 16:1272-1276 1998.
[100] H. Buckle. Science of Hardness Testing and Its Research Applications. American
Society for Metals Metals Park 1971.
[101] M. T. Kim. Influence of substrates on the elastic reaction of films for th
microindentation tests. Thin Solid Films, 283:12-16 1996.
[1021 E. H. Yoffe. The elastic compliance of a surface film on a substrate. Philosophical
Magazine Letters, 77:69-77, 1998.
[1031 X. Cai and H. Bangert. Hardness measurements of thin films - determining the
critical ratio of depth to thickness using FEM. Thin Solid Film, 264:59-71,
1995.
[104] J. Li, E. T. Thostenson T. Chou, and 1. Hie ter. An investigation of thin-
film coating/substrate systems by nanoindentation. Journal of Engineering
Materials and Tichnology, 120:154-162, 1998.
[105] D. B. Marshall and A. G. Evans. Ieasurement of adh rene of r sidually
tre ed thin film by ind ntation. 1. mechanics of interface delamina.t.ion. Jour-
nal of Applied Physics, 56(10):2632-263 . 1984.
[106] A. G. Evans and J. VV. Hutchinson. On the mechanics of delamination
and spalling in compressed films. International Journal oj Solids StructuT'es,
20(5):455-466, 1984.
[107] J.W. Hutchinson and Z. Suo. Mixed mod cmcking in luyeTed materials. Ad-
vances in Applied M chanics. Academic Pres, ew York, 1992.
9
[108] M. D. Kriese, D. A. Boismier . R. Mood and . W. Gerb rich. anom
chanical fracture-testing of thin films. Engineering Fracture Mechanic 61: 1-20
1998.
[109] M. D. Kriese W. W. Gerberich, and N. R. Moody. Quantitative adhesion mea-
sures of multilayer films: Part I. indentation mechanics. Journal of Material
Research 14:3007-3018, 1999.
[110] N. R. Moody, R. Q. Hwang, S. Venka-Taraman, J. E. Angelo, D. P. orwood,
and W. W. Gerberich. Adhesion and fracture of tantalum nitride films. Acta
Materialia, 46(2):585-597, 1998.
[111] N. R. Moody, A. Strojny, D. L. Medlin, A. Talin and W. W. Gerberich. Su~
strate composition effects on the interfacial fracture of tantalum nitride films.
Journal of Materials Research, 14:2306-2313 1999.
[112] N. R. Moody, D. Medlin, D. Boehme, and D. P. orwood. Film thickne s effects
on the fracture of tantalum nitride on aluminum nitride thin film systems.
Engineering Fracture Mechanics, 61:107-118, 1998.
[113] A. Kuper. R. Clis old, P. J. Martin, and 1. V. Swain. A comparative assessment
of three approaches for ranking the adhesion of Ti coatings onto two st els.
Thin Solid Films, 308-309:329-333, 1997.
[114] T. Y. Tsui, W. C. Oliver, and G. M. Pharr. Influences of str ss on the mea-
surement of mechanical properties using nanoindentation: Part 1. experimental
studies in an aluminum alloy. Journal of Materials Research, 11:752-759, 1996.
[115] K. F. Jarausch, J. D. Kiely, J. E. Houston and P. E. Russell. Defect-dependent
elasticity: anoindentation as a probe of stre. s tate. Journal of Materials
Resemch, 15:1693-1701, 2000.
99
[116] F. Dahmani, J. C. Lambropoulos, A. W. Schmid S. J. Burns and C. Pr .
Nanoindentation technique for measuring residual tress field around a I r-
induced crack in fused silica. Journal of Materials Science 33:4677-46 5 199 .
[117] A. V. Zagrebelny and C. B. Carter. Indentation of strained silicate-glas films
on alumina substrates. Scripta Materialia, 37:1869-1875, 1997.
[118] B. R. Lawn and T. R. Wilshaw. Fracture of brittle solids. Cambridge Solid
State Science Series. Cambridge University Press, Cambridge, 1975.
[119] G. Y Odo, L. N. Nogueira, and C. M. Lepienski. Ionic migration effect on
the mechanical properties of glass surfaces. Journal of Non-Crystalline Solids,
247:232-236, 1999.
[120] S. Suresh and A. E. Giannakopoulos. A new method for estimating residual
stresses by instrumented sharp indentation. Acta Mater., 46:5755-5767, 199 .
[121] J.R.M. Radok. Visco-elastic tress analysis. Quarterly Applied Mathematics,
15:198-202, 1957.
[122] L. Cheng, L. E. Scriven, and W. W. G rbcrich. Viscoelastic analysis of
micro- and nanoindentation. Materials Resear-ch Saci ty Symposium Proc ed-
ings. 522:193-198, 199 .
[123] A. Strojny and YV. YV. Gerberich. Experimental analysis of viscoelastic be-
havior in nanoindentation. Materials Resear-ch Sar:'iety SyllqJos·iu7I/. Proceedings,
522:159-164, 1998.
[124] K. B. Yoder, S. Ahuja, K. T. Dihn. D. A. Crowson, S. G. Corcoran. L. Cheng,
and ~. YV. Gerberich. Nanoinclentation of viscolastic materials: Mechanical
properties of polymer coating on aluminum substrates. Mute-rials Resear'ch
Society Symposium Proceeding. 522:205-210. 199 .
100
[125] A. Flores and F. J. Balta Calleja. Mechanical properti of pol e h lene ter ph-
thalate) at the near surface from depth-sensing experiments. Philo ophical Mag-
azine A, 78:1283-1297, 1998.
[126] X. Li, D. Diao and B. Bhushan. Fracture mechanisms of thin amorpyous carbon
films in nanoindentation. Acta Materialia, 45(11):4453-4461 1997.
[127] X. Li and B. Bhushan. Evaluation of fracture toughness of ultra-thin amorphous
carbon coatings deposited by different deposition techniques. Thin Solid Films
355-356:330-336, 1999.
[128] J. Ding, Y. Meng, and S. Wen. Mechanical propertie and fracture toughness of
multilayer hard coatings using nanoindentation. Thin Solid Films, 371: 178-182,
2000.
[129] T. W. Scharf, H. Deng, and J. A. Barnard. lechanical and fractur toughnes
studies of amorphous SiC-N hard coatings using nanoindentation. Ame7'1can
Vacuum Society, 15(3):963-967, 1997.
[130] J. M. Sanchez, S. El-.Mansy, B. Silll. T. Scherban, N. Fang. D. Pantuso, W. Ford,
M. R. Elizalde, J. {, Martinez-Esnaola\ A. Martin-Meizoso, J. il- vill no,
M. Fuentes, and J. faiz. Cross-sectional nanoind ntation: A new t hniqu for
thin film interfacial adhesion characterization. Acta Materialia, 47(17):4405-
4413, 1999.
[131] S. A. S. Asif, K. J. Wahl, and R. J. Colton. Th influenc of oxid alLd adsor-
bates on the nanomechanical r sponse of ilicon surfaces. Journal of Materials
Research, 15(2):546-553: 2000.
[132] S. G. Corcoran and R. J. Colton. Anomalous plastic deformation at surfaces:
anoindentation of gold ingle crystals. Physical Review B, 55:R16057-R16060,
1997.
101
[133] A. Gouldstone, H.-J. Koh K-Y. Zeng A. E.. Giannakopoulo and . ur h.
Discrete and continuous deformation during nanoindentation of thin films. Acta
Materialia, 48:2277-2295, 2000.
[134] J. E. Bradby, J. S. 'Williams, J Wong-Leung M. V. Swain, and P. tIunroe.
Mechanical deformation of InP and GaAs by spherical indentation. Applied
Physics Letters, 78(21):3235-3237,2001.
[135] J. Woirgard, C. Tromas J. C. Girard, and V. Audurier. Study of the mechanical
properties of ceramic materials by the nanoindentation technique. Journal of
European Ceramic Society, 18(15):2297-3005, 1998.
[136] C. Tromas, J. Colin, C. Coupeau, J. C. Girard, J. Woirgard and J. Grilhe.
Pop-in phenomenon during nanoindentation in MgO. The Eumpean Physical
Journal 8:123-128, 1999.
[137] C. Tromas, J. C. Girard, V. Audurier and J. Woirgard. Study of the low
stress plasticity in single-crystal MgO by nanoindentation and atomic force
microscopy. Journal of Materials Scienc , 34:5337-5342, 1999.
[13 ] M. Oden, H. Ljungcrantz, and 1. Hultman. Characterizati n of the indu d
plastic zone in a ingle crystal Ti (001) film by nanoindentation and transmis-
ion el ctron micro copy. Journal of Materials Re .arch, 12:2134-2142 1997.
[139] D. Cacere . 1. Vergara. R. Gonzalez, E. ~vI moy, F. Call, E. lunoh, and
F. Omnes. Nanoindentation on A1GaN thin films. JOUT7wl of Applied Physics,
86(12):6773-6778, 1999.
[140] S. P. Timoshenko and J. . Goodi r. Th ory of Elast-icity. iJcGraw-Hill, K<r
gakusha, 1970.
[141] S. Kalpakjian. Manufacturing Proce 'ses for Engineering Materials. Addison-
'1'./ . ley, Sydney. 1997.
102
[142] A. Kelly. Strong Solids. Clarendon Press Oxford London 19·6.
[143] F.R.N. Nabarro. Fifty-year study of the Peierls- abarro tr . Materials Sci-
ence and Engineering, A234-236:67-76, 1997.
[144] W. W. Gerberich, S. K. Venkataraman H. Huang S. E. Harvey and D. L.
KoWstedt. The injection of plasticity by millinewton contac . Acta Metall.
Materiala, 43:1569-1576, 1995.
[145] J. S. Williams, Y. Chen, J. Wong-Leung, A. K IT, and M. V. Swain. Ultra-
micro-indentation of silicon and compound semiconductors with pherical in-
denters. Journal of Materials Research, 14(6):2338-2343 1999.
[146] E. R. Weppelmann, J. S. Field, and M. V. Swain. Observation, analysis, and
simulation of the hysterisis of silicon using ultra-micro-indentation with spher-
ical indenters. Journal of }.;Iaterials Research, 8(4):830-840, 1993.
[147] R. Nowak and M. Sakai. Energy principle of indentation contact: The applica-
tion to sapphire. Journal of Materials Research, 8(5):106 -1078, 1993.
[148] R. owak T. Sekino, . Maruno, and K. iihara. D formation of s pphir
induced by a spherical indentation on the (1010) plan . Appli d Phy'ic L tt rs,
6 :1063-1065, 1996.
[149] D. E. Kramer, L.-C. Chen C. J. Palm trom and \"1. W. Gerb rich. ubstrate
effects on yield point phenomena in epitaxial thin films. Materials R .search
Society Symposium Proceeding. 522: 9-94, 199 .
[150] A.B. MaIm and J.B. Pethica. The role of atomic size asp riti s in the mechanical
deformation of nanocontacts. Applied Physics L tters, 69:907-909, 1996.
[151] A. B. Mann and J. B. Pethica. The effect of tip momentum on the contact
stiffness and yielding during nanoindentation te ting. Philosophical Magazine
A. 79:577-592, 1999.
103
[152] A. adai and A. M. Wahl. Plasticity. McGraw-Hill New York 1931.
[153] S. G. Roberts, P. Pir01lZ, and P. B. Hirsch. Doping effects on indentation
plasticity and fracture of germanium. Journal of Materials Science 20:1739-
1747, 1985.
[154] S. G. RDberts, P. D. Warren and P. B. Hirsch. Knoop hardne ani otropy OIl
(001) faces of germanium and gallium arsenide. Journal of Material Research
1(1):162-176, 1986.
[155] J. Doerschel. Transmission electron microscope investigation of indentation in-
duced dislocation configurations on the (001) GaSb face. Zeitschrijt fur Kristal-
lographie, 209:21(}-215, 1994.
[156] H. Harada and K. Sumino. Indentation rosette and di location locking by
oxygen in silicon. Journal of Applied Physics, 53:4838-4842, 1982.
[157] R. owak, T. Sekino, and K. Nihara. Surface deformation of sapphir crystal.
Philosophical Magazine A, 74:171-194,1996.
[15 ] E. B. Tadmor, R. Miller, R. Phillip, and l\1. Ort.iz. anoindentati nand
incipient plasticity. Journal of Materials Research, 14:2233-2250, 1999.
[159] 1\;1. yberg, M. A. Nygren, G. M. P t.t 1's ·on. D. H. Gay, and A. L. RohI. Hydro-
gen dis ociation on reconstructed ZnO surfa.ces. Journal of Physical Ch mi try,
100:9054-9063, 1996.
[160] M. Dahan and J. Zarka. Elastic contact between a spher and a semi infinit





A calibration is needed to evaluate the machine compliance and the area function
of the indenter. The machine compliance (Cf ) is needed to evaluate the machin
displacement. The displacement of the indenter, one of the outputs of the indenta-
tion test, i the sum of the penetration of the tip into the sample urface and th
displacement of the machine itself. This machine displacement can be a combina-
tion of several displacements due, for example, to the sample holder, the tip holder,
the frame of the machine, etc.. The machin -sample system can b m d led as t.wo
spring in series: with tiffness S for the sample and Kf=I/Cf for th machin as





Figure A-l: Simple model of the machine and sample stiffness
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or in terms of the compliance
1 1 1
-=-+-
K tot K f S
(A.l)
(A.2)
The area function discussed in Chapter 2 is also obtained by calibration.
The calibration used in this study was described by Oliver and Pharr [50]. Th
material of the sample used during the calibration was fused silica for which it lastic
modulus is well known to be 72 GPa and Poisson s ratio v=0.170 [50]. Using Eqn.
(2.3) the reduced modulus is then 69.6 GPa, where E i =1141 GPa and vi=0.07 for
the diamond indenter [50]. This value was checked at the end of the calibration. The
method of Oliver and Pharr is an iterative one that does not require the knowledge
of the elastic modulus of the sample.
The calibration was divided into two regions, one for high load 1000 - 10000 J-LN
(corre ponding to contact depths of 47 - 180 nm), and one for 10\\ load 50 - 1000 J-LN
(4.8 - 47nm). Two area functions were determined and the machine compliance for
the high load region, where it is more significant, evaluated.
The calibration step for the high load region \ver as follows:
1. anoindentations were performed at 1000 J-L intervals. beginning with 1000
J-LN and ending at 10000 J.LN where at each load the indentation was repe ted
three time.
2. For each indentation the Hysitron software plots th load-displac ment cmve
considering the Cf that was input (in the calibration procedm€ 'f is set to
zero). From the load-displacement curve, the region representin' 20 - 95% of




h = hmax - hI (A.4)
This fit was made automatically by the Hysitron software which yields the
following: a (J..LN/mnrn ) , hmax (nm) hI (nm), m Pmax the maximum load in
J..L and he the contact depth in nm evaluated as:
(A.5)
where S is the contact stiffness evaluated as the slope of a linear line tangent to
the unloading curve at the peak load, and E: which depends on the geometry of
the indenter and was considered to be 0.75 [50]. All these values were recorded
for each indentation.
3. The total compliance Ctot was determined by derivation of the power law:
4. The contact area was calculated with the standard ar a function:
A = 24 5h2 + C h + C h1/ 2 + C h l / 4 + C h1/ 8 + C !IllIG. e 1 e 2 e 3 e 4 c ."i 'c
(A.6)
(A.7)
where the constant 24.5 is obtained geometricall.v considering an ideal Berkovich
indenter, and C1, C2 , C3 C4 , C- r ult from. t p 9 (1." an approximation £ r
the fir t calculation of A: C1=C2=C:1=C4=C5=0).
5. From Eqn. (2.2) in Chapter 2
(A. )
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and Eqns. (A.I), (A.2)
1
- = Ctot - CfS
it was possible obtain:
This equation can be seen to be a linear equation of the form:




where y=Ctot and x=I/JA were known from the teps 3 and 4. Plotting the
value of y and x for each indentation and fitting a linear equation for all these
points the value of m and q and respectively Er and Cf were obtained. Thi
shown in Fig. A-2.
6. Knowing Ctot and CJ a new value for S could be obtained, not b~' the slope of
the unloading curve, but using the previous equation:
(A.12)
7. Then a n w value for hc was obtained with Eqn. (A.5).
A well a new value for the contact area was evaluated by USillg Eqll. (2.2):
(A.13)
9. The value of hc and A were then plotted as hown ill Fig. A-3. alld fitted by all
equa ion of the kind describ d in step 4:
A = 24 517,2 + C 17, + C 17, 1/2 + C h1/4 + C 17, 1/ 8 + C~hl/1G. c 1 c 2 c ::l 'C 4 C .J ('












--y = 0.0002 + 13.016x R= 0.99943
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Figure A-2: Ctot vs. 1jJA. From this plot Cf is obtained as the inter ection of the
linear fit with the y axi and Er is obtained from the lope of the lin ar fit.
10. Then. the calculations are repeated from st p 4 until Cf converged.
For the calibration of the instrument this cycle was rcpeated six times before th
value of Cf converged to 0.2 nmlI-L , Er conv rged to 6 .1 CPa and tlw fiv constants
for the high load region, he = 47 - 180 nm are
C1 2.492 X 103
C2 -2.01 4 x 105
C3 2.1705 X 106
C4 -4.7414 X 106
C5 2.6037 X 106
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Figure A-3: Contact area V5. contact depth
and for the low load region, he = 4.8 - 47 nm are
C1 3.5173 X 103
C2 - -1.4112 x 10
C3 1.2712 X 106
C4 -3.0037 x lOti
Cs 1. 792 X 106
To confirm that. the instrument was operating propcrly, an indentation into e!cc-
tropolished {lOO} aluminum was performed. and the results (E = 67.1 CPa) com-
pared to those obtained of Oliver and Pharr [50] (E = 68.0 CPa). An examplc of a
110
load-displacement curve is shown in Fig. A-4.
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